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ABSTRACT 

The resonant converters are generally analysed using a 
time domain approach. In this thesis the steady state analysis 
of a parallel resonant converter is presented using a frequency 
domain model. For a parallel resonant converter with an induc- 
tor filter at the output, the output cvirrent may be considered 
to be ripple free dc. with this assumption the parallel reso- 
nant converter can be modelled as a high-Q series LC circuit 
fed by a square wave voltage source in series and a square wave 
current source in parallel with the resonant capacitor. 

Generalised expressions for circuit currents and vol- 
tages have been determined \asing the model. Waveforms of 
inductor current and capacitor voltage have been obtained and 
these have been catpared with published experimental results. 

A multiple continuous conduction mode in which each power switch 
conducts twice in each half cycle has been identified. 

The variations of output voltage, peak capacitor vol- 
tage and turn off time have been studied. Relationships among 
several other important quantities have also been determined. 

The variations of output power, input power, circtoit loss and 
converter efficiency have been stvidied for two of the common 
control schemes, namely, the open-loop frequency control and 
the closed-loop phase control. 

Lastly an example of the design of a parallel resonant 
converter to meet a given set of specifications has been given 
making use of the relations derived in the earlier chapters. 



CHAPTER 1 


INTRODUCTION 

High frequQicy resonant ctMiverters are becoming increa- 
singly popular in recent times. They have fomd wide application 
in the aerospace systans and in the industry, some typical areas 
of application include regulated power supplies and battery 
chargers. These converters use a high frequency LC resonant 
circuit and employ natural commutation of the power switches. 

As a ccwisequence they have several desirable properties, some 
of these are discussed briefly. 

(1) Since natural c«nmutation is employed, no additional 
commutation circxxitry is required. This reduces complexity of 
the circuit. Moreover, because of high frequency operation the 
reactive components and the cox^ling transformers are small. As 
a result there is considerable saving in space and weight. These 
features make the converter particularly suitable for aerospace 
applications. 

(2) Switching losses are much less compared to those of 
conventional switching converters. This ensures higher effi- 
ciency . 

(3) The voltages and currents in the circuit are inher- 
ently sinusoidal. The intermediate ac voltage, as a result/ 
has low harmonic content. This makes the filtering easier. 

(4) The output dc voltage can be either higher or l<Xi,'er 
than tl^ input dc voltage, so the converter has both step-up 
and step-down capability. 



1.1 DESCRIPTION OF OPERATION OF RESONANT CONVERIERS 

The resonant converter essoatially consists of a high 
frequency LC series resonant circxiit. The LC circxoit is driven 
by the square wave output of a variable frequency inverter. The 
alternating resonant cxirrents and voltages across the resonant 
components can be varied by changing the frequency of the input 
square wave from the inverter, 

Steigerwald [1] has given several possible configura- 
tions of resonant converters. Figures 1.1(a) and 1.1(b) show 
the circioit configurations of the series and the parallel reso- 
nant converter respectively. Half-bridge versions have been 
shown, although full bridge versions can also be losed. In the 
series resonant converter the inductor current is rectified and 
filtered, usually through a transformer coupling, to obtain an 
isolated and adjustable dc output voltage. For the parallel 
resonant convefter, however, it is the capacitor voltage that 
is rectified and filtered to produce the dc output voltage. The 
input capacitors and (Figure 1.1) in both the cases are 
much larger than the resonant capacitor C and simply serve as 
voltage dividers. and are power switches which may be 
thyristors, power transistors, VMOS FETs or GTOs. and 

are the feedback diodes. 

The basic principle of operation of the resonant con- 
verter is outlined briefly here. The following discussion 
applies to both the series resonant converter and the parallel 
resonant converter, when is turned on a resonant current 
pulse passes through s^, L, C and the power supply. When this 







PI6.1.1 (b). Parallel 


rssonont converter 


5 


current reverses the power sw'itch is automatically turned 

off and the curra[it flows throxxgh the feedback diode D^. The 

diode is reverse-biased by a voltage of magnitude when 

S 2 is turned on. is therefore commutated and condxx:tion 

passes to S 2 * This pattern continues during the next half-cycle/ 

with the conduction passing from S 2 to D 2 when the resonant 

current reverses again. When is turned on again, is 

reverse-biased and is turned off and starts conducting once 

more, thtas completing one fxfLl cycle of converter operation 

(Figure 1.2(a)). This mode of operation corresponds to the 

£ 

frequency range 0.5 <1/ where f and f^ are the switching 

o 

frequency of the converter and the resonant frequency of the LC 

circuit respectively. This is the normal continuous conduction 

mode and is the preferred mode of operation, since it takes 

advantage of the natural commutation of the power switches. 

It should be noted that even in the region 0.5 < -I” < 1 

^o 

conduction can be discontinuous for large values of E^. In this 
mode the output bridge becomes reverse-biased as soon as 
conducts, since the voltage at the output side of the bridge 
becomes greater than the voltage at the input side. Consequ- 
ently following the conduction of s^, diode does not conduct 
and instead a discontinuous interval exists (Figure l,2(b)). 

For the series resonant converter the boundary between conti-^ 

nrK>us and discontinuous conduction regions for 0.5 < "f” < 1 

o 

have been determined in [ 2 ]. 

Q' < (4“) r : discontinuoxas conduction 

f ' 'A 

Q' > (-^) - ; continuous conduction 



V/ 


Pigiare 1 



.2 . Indtactor ciarrent and capacitor voltage wavefonns 
for the resonant converter 

(a) 0.5 ^ < 1 (continuous conduction) 

jgO 

(b) 0,5 < ^ 1 (discontinuous conduction) 

f ■ ^ , 

(c) K 0m5 (di,scontl.n*iJioiJis conductdLon) 

,o 

(d) f ^ (operation above resonance) 
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(i> L 

where Q*= — ^ and R is the load resistance. 

Figure 1.2 (g) illustrates the case whoi < 0.5. The 
conduction is discontinuous. conducts/ followed by D^. 

This is followed by a discontinxious interval which ends whai 
S 2 is turned on to produce another half-cycle. 

Operation of the resonant converter above resonance 
(f > f^) is also possible (Figure 1.2(d)). In this case, how- 
ever/ the power switches and must be such that they can 
be turned off by gate control. The diode conducts first, 
foll<^’ed by which is turned off preferably by gate control. 

The cxirrent then transfers to D 2 snd the pattern repeats. The 
power switches are turned on at zero current crossings. Althoxigh 
natxrral commutation is not taken advantage of this iiKxia has 
several advantages ([l], [3]). The higher frequency of opera- 
tion resxilts in a smaller size of the transformer and the 
filter. No discontinuous conduction is possible in this mode, 
and therefore there is no upper limit on the value of Rj^. As 
soon as a power device is switched on, it takes over from the 
corresponding feedback diode after the resonant currait goes to 
zero. During the conduction interval of the pow'er device the 
feedback diode remains reverse-biased by the forward voltage 
drop of the power device. Consequently feedback diodes with 
medium recovery speed may be used, so a Darlington power tran- 
sistor or a powder FET with its inherent slow parasitic capaci- 
tance may be used as a opposite power switch. 

It may be noted that the series resonant converter 
essentially appears as a high frequency current soxorce to the 



load Rj^ Ccaisequently for operations marked by rapid fluctua- 
tions of load regulation of the output voltage beccanes difficult. 
However^ the parallel resonant converter appears as a high freq- 
uency voltage source to the load. Consequently for rapidly 
varying loads, such converters are more suitable. 

Instead of the conventional voltage-input version, it 
is possible to have resonant converters where the input is a 
constant current. This, however, requires a switching arrange- 
ment which is capable of blocMng reverse voltage instead of 
passing reverse cxirrent. This can be achieved using the GTO as 
the switching device, steigervald [ 1 ] has discussed the current- 
input type resonant ccxnverters. 

It may be mentioned that the resonant converters can be 
used with active loads, since regeneration is inherently possi- 
ble in these types of converters. 

1.2 TRENDS IN ANALYSIS OF RESONANT CONVERTERS'. 

In view of the increasing importance and application of 
the resonant converters, several efforts have been made in 
recent times in modelling and analysis of the resonant conver- 
ters. Some of the major efforts in this direction are outlined 
briefly . 

One of the earliest contributions in this area came 
fron Schwarz [4]. The operation of the series resonant conver- 
ter has been discussed and the manifold advantages of resonant 
converters have been pointed out in £4]. A steady state anal- 
ysis has been carried out. 
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vorperlan and Cuk [2] have carried out a detailed dc 
analysis of the series resonant converter. The ratio of the 
output voltage to input voltage has been determined explicitly 
as a function of the switching frequency f and the load The 
different continuous and discontinuous modes have been identi- 
fied for the most general case and boundaries between these 
modes have been determined. The dc analysis has been carried 
out for each such mode. In a sx±>sequQit publication [3] the 
same authors have considered the effects of small signal pertur- 
bations in the switching frequency and the input voltage on the 
small signal response of the resonant converters. 

King and Stuart have determined steady state models for 
both the half-bridge [5] and the full-bridge [6] series reso- 
nant converter and have obtained normalized parametric curves 
for various currents and voltages taking the conduction angle 
of the feedback diode as a parameter. A dynamic model [7] 
based on a large signal approach has been developed by the same 
authors. The simulation of the transient states using a desk- 
top calculator is possible using this model. Based on this work 
a small-signal model for the series resonant converter, has been 
derived [8]. This model which is valid for low frequency 
control signals is based on the nuxiulation of the diode conduc- 
tion; angle for control. The model is expected to be useful for 
the design of feedback, loops. 

A method of analysis recently put forward by Orugantt 
and Lee [9] xoses the state-space techniques to analyse the 
transient and the steady state behaviour. The inductor curroit 
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and the capacitor voltage are taken as the two state variables. 
The re^anant tank energy at any point on the state-plane can 
then be directly observed. A cc«nparative assessment of diff- 
erent control schemes is possible using this technique [10]. 

Ranganathan, Ziogas and Stefanovic [ll] end Steigerwald 
[1] have discussed the operation and control of the parallel 
resonant converter. The operation of the converter has been 
analysed and design curves have been given. 

The series resonant converter has been simulated using 
the J3SCR model for sCRs by Avant and Lee [12]. Using this 
model possible fault transients in the series resonant converter 
have been simxalated, 

1.3 OBJECTIVES AND SCOPE OF THE PRESENT WORK 

All methods of analysis of the resonant converters 
have till now used a time domain approach. This essentially 
involves solution of differential equations by nxomerical integ- 
ration. The steady state analysis using differential equations 
requires considerable computational effort. The analysis of the 
resonant converters can also be done with the help of the stan- 
dard programs for circuit sim\ilation such as SPICE^ SUPER- 
SCEPTRE etc. such techniques/ however/ are inefficient in 
terms of coix^suter time required. The purpose of the present 
work is to develop a technique for analysis of the resonant 
converters from the frequency domain standpoint. This consi- 
derably facilitates steady state analysis. The various circuit 
variables can then be determined using simple methods of 
circuit analysis. 
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Although there has been several efforts at modelling 
and analysis of the series resonant converter, the parallel 
resonant converter has not been analysed in sufficient detail 
bo date. Hence it was decided to concentrate on the parallel 
resonant converter for this work. 

The literatxare survey that was carried out revealed 
that till now the variation of power and efficiency in the 
resonant converters has not been studied in sufficient detail. 
Consequently it w'as decided to investigate this aspect of the 
parallel resonant converter also in detail. 

1.4 ORGANISATION OF THE THESIS 

The basic frequency domain model for the parallel reso- 
nant converter has been developed in chapter 2. Assxjming the 
quality factor Q of the resonant circtait to be infinite, .expre- 
ssions for the circuit currents and voltages have been deter- 
mined in absolute as well as normalised forms. An algorithm 
for determining the phase difference 0 between the voltage and 
the current soxarces of the model has been developed. Variations 
of the indioctor current and the capacitor voltage with time 
have also been plotted. 

In Chapter 3 the proposed model has been further 
refined by assuming a finite value of circuit re^stance. The 
analysis proceeds in the same manner as in Chapter 2. A mxilti- 
ple conduction mode in which each power switch conducts twice 
in each half cycle has been identified. The behavioxor of the 
converter in this mode has been discussed in detail, wavefarms 
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of the inductor current and the capacitor voltage obtained 
using the model have been centred with experimental resiilts 
reported in literature. 

Relationships among several important quantities have 
been obtained in Chapter 4. These relationships have been 
expressed graphically. The quantities whose variations have 
been studied include phase difference 0, peak capacitor voltage, 
average output voltage and turn off time available to the power 
switches. The boundary of the multiple conduction mode discu- 
ssed in Chapter 3 has been obtained at different frequencies. 

The variations of output power, input power, circuit 
losses and converter efficiency have been obtained in Chapter 5. 
These variations have been studied for two of the most popular 
control schemes: the open-loop frequency control and the closed- 
loop phase control. The perfoirmances of these two control 
schemes have been compared in the light of the results obtained 
in this chapter and in Chapter 4. 

Using the results and the relationships obtained in 
Chapters 4 and 5, the procedure for designing a parallel reso- 
nant converter has been discussed in Chapter 6 with the help of 
an example. The modifications necessary in the design procedure 
to meet varying requirements have also been suggested. 

The thesis concludes with chapter 7 where a sttmmary of 
the work done has been given together with some of the important 
conclusions reached. The advantages as well as the limitatic»is 
of the proposed model have been pointed out. Some of the areas 
in which future work shotild concentrate have also been identi- 


fied 
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CHAPTER 2 

A FREQUaJCY DOMAIN MODEL FOR THE 
PARALLEL RESOSIANT CONVERTER 

2.1 INTRODUCTION 

As pointed o\it in Chapter 1/ all the methods employed 
till now for the analysis of the resonant converters have 
lised a time domain approacJi. However/ the resonant ccaiverters 
can be analysed front a frequency domain standpoint as well. 

A frequQi'cy domain model for the parallel resonant convert er 
(Figure 1.1(b)) has beoi developed in. this chapter. 

The frequQicy domain, model has been described in 
Section 2.2. The parallel resonant converter has been modelled 
as a series resonant L-c circuit fed by a square wave voltage 
source and a square wave currait source in parallel with the 
resonant capacitor. Using this laodel a detailed analysis of 
the parallel resonant converter has been carried out in 
Section 2.3. Analytical expressions and waveforms for indtxctor 
current and capacitor voltage have been, given. 

In developing the model the resistance of the resonant 
L-c circuit has been ne^ected — i.e. the circuit Q has been 
assumed to be infinite. An improved model with finite Q has 
been developed later in Chapter 3. Fuzrthennore/ it has been 
asstraed that the frequency of operation lies in the range 
— s < f < £ which is the \isual preferred mode of operatic- 
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2.2 DEVBLOf»l%OT OF THE MCSDEL ASSUMING INF&IITE Q OF THE 
RESONANT toROJIT 

The current and voltage waveforms for a resonant 
converter operating in the usual continuous ccxidiiction mode 
(with -2 < f < f^) has been shown in Figure l,2<a). During the 
half-cycle when the switch s^ or the feedback; diode conducts, 
the voltage across the input capacitor is impressed across 
the L-c series circuit. During the nesxrt half-cycle, S^ and d^^ 
are off and either the switch S 2 or the diode D^ conducts and the 
voltage across appears across the L-c circuit, osnsegu’- 
^tly, the input to the L-C circuit is a square wave voltage 
source of amplitude V . The frequency of this source is the 

3 

same as the frequency at which the switches and are 
operated . 

The output Gurroit for a parallel resonant converter 
with a given load can be assumed to be a constant because of 
the presence of the inductor filter L^ at the output. Owing 
to the pres“^ce of the rectifier bridge the direction of the 
current at the input side of the transfermer reverses every 
time the resonant capacitor voltage reverses. As a result the 
output current i^ (Figure 1.1(b)) looking from the capacitor 
-terminals appears to be a square wave of amplitude 1^, whose 
frequ^cy is the same as the converter frequency. This feature 
has been brought out in [ll]. 

with these observations the parallel resonant converter 
can now be modelled as a series L-c circuit fed by a square 
wave voltage source Vj^ in seiries with the L-c circuit and a 
square wave curroit source i^ in parallel with the resonant 
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capacitor (Figure 2.1(a)). The two sotirces/ hovcever/ will not 
be in phase. The phase differoice between the two sources is 
doiotei by 0 . This phase difference arises because of the fact 
that whereas the instant at w’hich the polarity o£ the voltage 
source reverses is determined by external switching of the 
inverter devices/ the reversal of polarity of the current 
source i^ takes place when the capacitor voltages reverses. 

The various circuit waveforms relevant to the model are shown 
in Figure 2.1(b). 

2.3 DETAILED ANALYSIS OF THE PARALLEL RES(»JANT CONVERTER 
USING THE INFINITE Q MODEL 

Using the frequency domain model of the parallel 
resonant converter described in Section 2. 2 the various voltages 
and cxir rents in the circuit can be determined very conveniently 
using simple methods of circuit analysis. For this purpose the 
phase difference 0 mxist be calculated for a given input voltage 
and a desired outpiot curroit. In section 2.3.1 generalized 
expressions for the inductor cxirrent and the capacitor voltage 
have been derived. These expressions have been givoi in a 
normalized form in Section 2.3.2. The technique used for the 
determination of 0 have been described in Section 2.3.3. The 
time variations of inductor current and capacitor voltage have 
been given in Section 2.3.4. 

2-3.1 ExpressicMis for Inductor current i^ and capacitor 
Voltagre v^ 

The expressions for inductor cxorrent i^^ and capacitor 

voltage v_ are determined by adding the harmonic componoits 

■ ' 
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FIG. 2.1(a). A simple equivalent circuit for the parallel resonant 
converter with on Inductor filter at the output 
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FI6. 2.1(b). Voltogs and current waveforms for the equivalent 
circuit of fig. 2.1 (o) 
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due to the various harmonics of the two sources, taking into 
accoxint the phase di££erences between the corresponding harmonic 
componoits of the two soxirces* It shoxild be noted that in all 
the summations used throughout n takes only odd integer values. 
Fronr the equivalent circuit of Figure 2.1(a) applying 

4” 

the principle of superposition, the expression for I, the n 

ijn 

harmonic ownponent of the inductor current, in phasor notation 
is given by 


It = It + It 
Ln Ln^ Ln^ 

where represents the n harmonic of the inductor current 

due to the voltage source v^ only with the current source i^ 

open circuited and represents the n^^ hamonic componait 

2 

of the inductor current due to i^ only with v^^ short circuited. 

The Fourier series expansion for a square wave of 
anplitxjde A is given by 

00 


f(t) = 2 ^ sin n ciJt 

nit 

n— 1 


( 2 . 1 ) 


where n = 1, 3, 5, 7 ... 

The phase difference between the fundamental components 
of two square waves separated by an angle 0 is also 0 . The 
phase difference between the n harmonic components is n0. 

The time origin is chosoi as shown in Figure 2.1(b), 
i.e. v^ is taken as the reference. The expression for 1^^^ 
may then be written as 


Ln, 


-1 

'^2 


4V. 


n% 


^0 




< 2 . 2 ) 
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where 




= ncAL 


X 


cn 


1 

nojc 


(2.3) 


n = 1, 3/ 5, 7 ... 

The expression for is given by 


'Ln, 


J. 

^2 


41^ 

“ Z.-n0 . ^ 


-jX 


cn 


Ln ' J^cn 


(2.4) 


From (2.2) and (2.4) the expression for may be 


written as 


'Ln ^Ln^ ^Ln^ 


_ 1. 27-3 „ , « 1 / . . Tc 

- — ^ 2 


. 1 . 27.3 ^ 

+ — I. Z.-nj3 . 


cn 


n^2 ° 


X 


Cn 




(2.5) 


The corresponding expression in the time domain is 


1.273 V. 


1.273 IX, 


Ln 


nTv z"y " ’ V sin(n0t - ^) + -to v sin(no)t - n0) 

( 2 . 6 ) 

The time domain expression for ij^ is 


00 

S i 
rF=l# 3/ 5 


Ln 


(2.7.) 


where i^j^ is given by equation (2.6). 

The expression for the capacitor voltage v^ can be 

til 

derived in a similar manner. In phasor notation the n harmo- 
nic componoit of the capacitor voltage due to the voltage 
soxarce Vj^ only is given by 



20 


Ol, 


# 2 


4V’ 


S 


nn: 


AO 






Cn 


( 2 , 8 >) 


where and are the same as defined in the expression ( 2. 3 ) 
The corresponding harmonic componoit of the capacitor 
voltage due to the current source i^ is 


V 


cn. 


V2 


nit 


L -n0 


jx. 


Ln 


jx. 


Ln “ ^^Cn 


-jx, 


cn 


(2.9) 


It should be noted that the negative sign is used 
before because the polarity of the current source i^ is such 
that the component of the capacitor voltage due to i^ has a 
polarity which is opposite to that chosen for positive capacitor 
voltage. 


Prooti the expressions (2.8) and (2.9)/ the expression 
for is given by 


V-„ = V + v_ 

Cn Cn^ Cn ^ 


= IzML V J.0 . 
n'f2 ® 


’'cn - 


~ I A-n0 . 
n^2 ° 


Xt„ 

- — - V z. — 

’'Ln - ’'cn ® 2 


( 2 . 10 ) 

Equation (2.10) may be writtai in the time domain as 


cn 


is 


1.273 V X_ 1.273 I X-^X^ 

-7— — : — Y sin nwt — y- sin(nmt - n 0 - 2) 


( 2 . 11 ) 


The resultant time domain expression for v^z therefore/ 



21 



OD 

2 

n=l/3^5 


V 


cn 


( 2 . 12 ) 


where is given by equation ( 2. 11) . 

Referring to Figiare 1.2(a) all other circuit currents 
and voltages may be determined from the state variables i, and 

jj 

v^ by the following equations 



(2.13) 

(2.14) 


ig^ = i^ , 0 < t < t^ (2.15) 

= iL / < t < T/2 (2.16) 

' T/2 < t < t^ (2.17/) 

(2.18) 


2.3.2 Normalisation of Expressions 

All expressions and relationships should be normalised 
in terms of per lonit values for the convenience of the circuit 
designer. The varioxis base and per unit quantities used for 
normalising differeit expressions henceforth are defined below. 


Base 

voltage = 

V 

s 

(2.19 a) 

Base 

current = 

I f maximum possible value of 

^max output current 

(2.19b) 

Base 

radian frequaicy 

ox = — i— ^ resonant frequaicy 

oase ^ circuit 

( 2. 19 c) 

Base 

impedance 

^ ^base _ 

^°max 

(2. 19d) 
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H)ase 

^ase 




ase 


(d 


base 


^ase ^ase 


Base power P, 


base 


base 


2ro 


pu V 


pu 


Cl) 


pu 


R 


pu 


pu 


-pu 


base 

i 

^base 

0) 

^ase 

R 

^base 
L 


*^ase 

P 


■ pu p. 


pu 


base 

T 

t 

'base 


^base * ^base 


V . I 

s o 


H>ase ' 




pu base 


X. 


-pu base 


max 


(2.19e) 

( 2.19£) 
(2.19g) 
(2.19h) 

( 2 . 19i ) 

(2.19j) 

(2.19k) 

( 2.191) 

( 2.19m) 

(2.19n) 

(2.190) 

( 2.19P) 


Prom the above relationships one can easily conclude that 




(2.19q) 


X 


C Cl) C 

pu pu pu 


( 2.19r) 
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where and x represent per unit reactances at frequency 

pu ^pu 


‘^u* 


In terms of per unit quantities the expressions for i 


and given by equations (2.7) and (2.12) may be normalised, 
. i- i. 


pu 


base 

00 

E 

n=l/ 3/ 5 


max 

1.273 V, 


max Cn 


• / Am. ^ \ 

sxnCn wt - •^) 


00 

+ E 
n 1 / 3# S 


1.273 I^X_ 

o cn 


max cn 


sin(n 6 Jt - n 0 ) 


This may be vcritten as 


( 2 . 20 ) 


= - E 


pu 


and 


n ^cn 


^*a^- Pjj) 


pu. 


1.273 Iq 

+ s rn sin(n 0 t -- n0) 

„ nd - B„) 


n 


^LiTl 2 2 

where , = is— = n 


cn 


pu. 


X 


X 


cn 


X, 


cn 


Cn. 


pu 


2b 


ase 


max 

V 


max 


( 2 . 21 ) 


( 2 . 22 ) 


as defined by equation (2.19n). 

It should be noted that since the frequency of operation 
lies in the range 0.5 fQ< £ < X^ < X^^ for the fundamental 

ocxnponeit (n == 1 ). consequ^tly the quantity ( 1 - is 
positive for the fundamental catiponent. For the higher 
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harmonics (n = 3,5,7/ ...)/ however, and so ( 1 - 6 ) 

Jbn on 

is negative. 

Similarly one may v^rite from equation (2-12) 


■'pu 


V. 


base 


^s 


OD 

2 

n=l, 3, 5 


Cn 


sin nwt 


1 ifLlWa. 


(2.23) 


which could be written as 


= 2 


1.27/3 X- 
o _ Ln 


^ — 7 sin nwt+ 2 _ sin(nmt - n 0 - 

-pu n Pn^ n " ^n^ 

(2.24) 

using the relationships defined in equation (2.19). 

The expressions for i^ snd v given by equations 

pu ^pu 

(2.21) and (2.24) respectively can be written in a more elegant 
form shown below. Prom equation (2.21) 


CD 

2 


pu 


n=l, 3, 5 n 7 t(l - 


4 

TT” 


[sin(n (i)t “• ^) 


pu 


00 


-I X sin(n 0 t - n(Zf)] 

pu ^pU; 

K 


(2.25) 


nX 


n=l,3,5 “-‘ai. 


■S — [sin(n{dt - ^) - sin(nci>t - n 0 )] 


pu 


pu pu. 


where = 


1.27/3 


’''1 - "^“ pu > 


( 1 - n^6)^ ) 
^ ^ pu^ 


(2.26>) 


(2.27) 


Similarly frcxn equation (2.24) one may write 


tol?^ 
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V 


%\x 


CO K - It 

2 ~ [sin nt<>t+ I sin(ncot - n0 - 

n=l,3,5 ^ °pu ^ 


If V and V 

1 ^2 
pu. 


(2.28) 

are the per \init components of the 


capacitor voltage due to voltage source and the curroit 
source i^ respectively^ from equation (2.28) one may write 


K 

- " 2 sin n(i>:t 

'V 


( 2.29) 




'XX. 


K 

2 ~ l_ X-„ sin(n{iit « n0 - ^) 
n " °pu ^pu ^ 


^o ^Ln 

= — PH 2 K sin (not - n0 - ^) 

n n ^ , 

^o "^Ln 

since — is indepoident of n. 


(2.30) 


2.3.3 Determination of Phase Difference 0 

In order to analyze the parallel resonant converter 
using the techniques illustrated above, the phase difference 0 
between the voltage and the current sources of Figure 2.1 needs 
to be determined. For a given value of input voltage V and 
output curroit I^, 0 can be calculated using the techniques 
discussed in this section. An approximate value of 0 is first 
determined using a simple analytical result. This approximate 
solution is used as the initial value for numerically solving 
a non-linear equation to determine the actual value of 0. 

2. 3. 3.1 Determination of Approximate Valxxe of 0 t The appro- 
ximate value of 0 is determined by taking into consideration 
only the fundam^tal components of the voltage and the current 
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source. The circuit waveforms under this condition are shown 
in Figure 2.2(a). The capacitor voltage v must be in phase 
with the sinusoidal current source i^. Svibstituting cot = 0, 

= 0 and n = 1 in equation (2.28) gives 


K.[sin0+I r sin(- 5)] 
pu •‘•pu. 


(2.31) 


where X 


a>L 


Ll, 


pu 




ancl = 


ase 


%(1 - (or ) 

^ pu^ 


Rewriting equation (2- 31) 


sin 0 - I =0 

pu pu 


0 = sln'l(I ) 

pu pu 


(2.32) 


Equation (2.32) gives the approximate value of 0 assu- 
ming sinusoidal sources. 

The above relationship (2.32) may also be derived from 
the phasor diagram for the fxindamental components. From equa- 
tions (2.28)/ (2.29) and (2.30) considering only the fxandamaital 
component (n = 1)/ the capacitor voltage in terms of per \init 
quantities can be expressed in phasor rotation as follows 


V, 


= V, 


+ V, 


-pu 


pu 


^u; 


K 


^ LO + ^^(I ) A- 0 - I 

^2 ®pu^lpu 2 


V 


^2 

= L 

-pu V’ 2 

The phasor diagram corresponding to equation (2-33) is 


(1 i.0 + I- x^ ^ ■ /-- 0 - ^) 

°pu>^pu 2 


(2.33) 


shown in Figure 2- 2(b). All the phasors have been scaled down 


in magnitxide by the factor 


sr2 

K, 
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FIG. 2.2(b). Phasor diagram for the equivalent circuit of 
fig.2.1Ca) assuming only sinusoidal sources 
(Hognitudes of all phosors hove been scaled 
down by a foctor of >/T/K ) 
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Fran Figure 2.1(b) it follows that the resultant capa- 


citor voltage and the curroit source phasor I are in 

°pu 

and the voltage 


pu 

phase. So the phase difference between V 


pu 

source phasor v is also 0. The angle between the phasors 
®pu 

n: 


pu 

0 with V 


and V is "s + 0 and their resultant V makes an angle 


pu 

Fran the phasor diagram of Figxire 2.2(b) one can write 


sin 0 


V. 


\?u' 


f 


pu 


( 2.34) 


i . e . 


0 = sin 


-1 


V, 


pu* 


V, 


pu 


( 2.35) 


o£ 

1 

1 

and 

r=2 1 


pu 


pu. 


from 


0 = sin 


-1 


x. 1 I 

0,^,1 ti l 

pu pu; 


(2.36) 


2. 3. 3. 2 Determination of the Actual value of 0 : Both the 

sources in the equivalent circuit of Figure 2.1(a) are square 
wave soixrces and the effects of the source harmaiics need to be 
taken into accoxont in determining the actual value of 0. Prom 
the waveforms of Figure 2.1(b) it is observed that the zero 
crossings of the resultant capacitor voltage v^. obtained by 
^ding all the harmonic components of v^, must be the same 
as the zero crossings of the load current i^/ looking from the 
capacitor terminals (Figure 1.1(b)) . This implies that si±>sti- 
tuting (yt equal to 0 in equations (2.12) or (2. 2&), the right 
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hand side ntust reduce to zero. This condition has been used 
to ccanpute the value of 0 by numerical techniques. Setting 
mt - 0 and v^ = 0 in eqn. (2.28) results in the following non- 
linear equation in 0 


n0 + 1 X 3ln(- ^) ] 
n-1/3/5 pu pu. 


or. 


S ~ [sin n0] 


^pu^’^pu 

n 


K, 


n 


0 


( 2. 37) 


since — is independent of n. 

This equation has been solved by using the IMSL siib- 
routine ZFALSE. This routine finds the zero of a function over 
a specified interval. The approximate value of 0, as 

W.X. 

given by equation^ (2.32) has been 'used to narrow down the 
region (0approx ^ ^ ^ ^approx which 0 may possibly 

lie. 6 is initially taken as 0.05. if the root does not lie 
in this interval, 6 is incremented by 0.05 and the IMSL sub- 
routine ZFALSE is called again to solve the eqxiation (2.37). 
This procediore is repeated till the root is obtained. This 
considerably lessens the amount of numerical ccxnpiitations 
required to solve the non-linear equation. A flow chart of 
the Qitire process o£ deterroination of 0 has been given in 
Figure 2.3. 


2.3.4 Time Dcxnain WavefiDnrrs of Inductor Current i^ and 
Capacitor Voltage 

The variations of ij^ and v.^ with time have been plotted 
for two cycles of converter operation from 0t = 0 to {^t = 4t 
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Fig. 2.3 Flow chart for determination of the 
value of 0 for the infinite-Q' medel 









32 

for five different sets of frequency and output current 
(Figvires 2.4(a) through 2.4(e)). For each set of frequency 
ani the corresponding value of 0 has first been determined 
by the method described in Section 2.3.3. The values of i^^ and 
v^ at various points have then been calculated with the help 
of the expressions (2.7) and (2.12). The circuit parameters 
considered in simulation study are: 

L = 73 liH C = 5 |IF V = 120 V 

s 

The curves have been plotted using the gpgs (General 
Purpose Graphics System) svibroutines in the DBC-10 computer 
system. To calculate i- and v_ the effects of all source 

ii C 

harmonics upto the 9 ' harmonic have been considered. 

2.4 CONCLUSIONS 

A novel frequQicy domain model for the parallel rescxiant 
converter with an inductor filter at the output has been proposed. 
It has beai shown that the model can be used to analyze the 
parallel resonant converter in a very single manner. The expre- 
ssion for the phase diff er^ce 0. between the voltage and curroit 
source in this model has be^ found to be non-linear. An algo - 
ritlin has been given to solve this eq\iation. It has also been 
observed that the waveforms obtained \ising the frequency domain 
model match closely those expected from the analysis of the 
converter in the time dcxtiain. 




Figure 2*4(a) 
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Figure 2.4(b) 
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Figure 2.4(c) 



Figure 2.4(d) 
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CHAPTER 3 

MODIFICATION OF THE BASIC FREQUENCY DOMAIN’ MODEL ALLOWING 

FOR A FINITE RESISTANCE IN THE INDUCTOR COIL 

3.1 INTROmCTION 

The frequency domain model of the parallel resonant 
converter described in CJiapter 2 assumes infinite quality factor 
for the resonant circuit. In all practical circuits/ however/ 
the inductor coil has a finite resistance whose effect may not 
be neqlected. The effect of this resistance on converter perfor- 
mance can be analysed using the modified model described in this 
chapter. The imadified model is essentially the same as that of 
Figure 2.1(a) exc^t that a small resistance R is assumed to be 
preseit in series with the ideal inductor L (Figure 3.1). The 
capacitor C as before is assumed to be ideal. Waveforms 
similar to those of Figure 2.1(b) apply equally for the circuit 
of Figure 3.1. 

Using the modified model a detailed analysis of the 
parallel resonant converter similar to that of Section 2. 3 has 
been carried oxit in Section 3.2. Time domain plots of inductor 
current and capacitor voltage have been obtained as in Chapter 2. 
Finally/ the results ciitained xising the simpler model of 
Chapter 2 and the modified model described in this chapter have 
been compared in section 3. 3 with experimental results reported 
in liberatxore [ii]. 
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FI6. 3.1. A modified frequency domain model for the poraltel 
resonont converter 



3.2 DETAILED ANALYSIS OF THE PARALLEL RESONANT COIVERrER 
USING THE MODIFISD MODEL 

The steps followed in this analysis are the same as 
those of Section 2.3 except that the resistance R has been 
takai into accoiont in the derivation of all expressicais . 


3.2.1 Expressions for Inductor current i^ and capacitor 
Voltage ^ 

Recalling the Fourier series expansion of a square wave 

(equation (2.1)) and the observation that the phase differoice 
tin 

between the n .harmonic components of the two square w'ave 

tin 

sources of Figure 3.1 is n0, the expression for the n harmonic 
component of the inductor curreit due to the voltage source v^ 
only in phasor notation is 



_1 

V2 



AO 


R + 


:'^n 



(3.1) 


where XL , and n are the same as defined by equation (2.3). 

Liii cn 

th 

The corresponding expression for the n hanrwnic 
component of the inductor current due to the current soxirce i^ 
only is 


41 


— A ~ n0 . 


-jx 


cn 


R + - jx. 


(3.2) 


^^2 '/'a * ^ -^^Ln “ -^^cn 

Applying the principle of superposition/ the expression 
til 

for ij^^/ the n harmonic component of the inductor currait is 
given by 


Ln 


~ I. — + 

Lnj 




(3.3) 


i.e. 
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Zn n \r2 
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2 ''Zn 

(3.4) 



where 


(3.5) 




and 


®zn = 


1 x,„ - 
-1 Ln Cn 

R 


(3.6) 


The corresponding expression in the time domain is 


Ln 


1.273 V 1.273 I-X 

— sin(nwt - 0^^) + ^ sinCnoit - n0 


nz 


n 


nZ, 


- 1 - ®zn> 


(3.7.) 


Adding all the harmonic components/ the time domain. 


expression for i^ is 


00 

S 1 
n”l / 3/5 


Ln 


(3.8) 


where i_ is given by equation (3.7). 
Lin 


th 


^Cn ^Cn ' components of the n harmonic of 

1 2 

the capacitor voltage due to the voltage soxirce Vj^ and the 
current source i^ respectively/ are given by 


Cn, 


-1 fs 

\r2 ’ 


2.0 . 




cn 


. (-jXcn) (3.9) 


V - -1 li::^Z.n25 

^Cn2 V2 * nTC ' R + - jx^ 


. (-jx^) 


(3.10) 

As pointed out in chapter 2/ the negative sign is used 
before becaxase the polarity of the capacitor voltage due to 
the currant source i^ is opposite to that chosen for the posi- 


th 


tive capacitor voltage. 

The expression for the n'"" harmonic component of the 
capacitor voltage i s 
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( 4.11J 
(3.12: 

(3.13) 


(Q^ is the quality factor of the coil at frequency n co) and 
and 0 are as defined by expressions (3.5) and (3.6) respec- 

ZiZl 

tively . 

The corresponding time domain expression is 


V 


Oi 
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1.273 I Z_X_ 
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sin(nmt- n0 - ^ + © 1 ^^^ - ®zn^ (3.14) 


so the resultant time domain expression for v_ is 


CD 
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n=1^3,5 


ai 


(3.15) 


where is giv^ by equation (3.14). 

Using the normalisation teclnique of Section 2.3.2 
i^, and can be expressed in terms of per unit quantities as 


follows, 
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where 
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(3.18) 

and 

^in 


+ 1)1/2 

(3.19) 

with 

«n 

R 

^cn 


(3.20) 


Pn 

^Cn 

= 

pu 

(3.21) 
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All other circuit currents and voltages may be deter- 
mined using equations (2.13) through (2.18) of Chapter 

The expressions for i and v could also be written 

pu ^pu 


as follows 
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It is easily observed that for R = 0/ is equal to 
zero and the expressions for inductor curroit and capacitor 
voltage (equations (3.23) and (3.24)) obtained using the modi- 
fied model in this chapter reduce to the corresponding expre- 
ssiCTis (equations (2.26) and (2.28)) of Chapter 2. 

V arKi v_ , the per unit components of the capa- 
^pu 

citor voltage due to the voltage source v^^ and the current 
so\irce i^ respectively are given by 
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3.2.2 Determination of Phase Difference 0 

As in Section 2.3.3 an approximate value of 0 is first 
determined neglecting all haantvonics except the f'undamQital . 

This value of 0 has been used as the initial value for numeri- 
cally solving a non-linear eqviation to determine a more accurate 
value of 0. For the modified frequency domain model, however, 
no simple mathematical formula, such as the caie given by equa- 
tion (2.32), may be derived from which an approximate value of 
0 can be obtained analytically to start iwith. However, a simple 
non-linear equation in 0 has been obtained assxaning only funda- 
mental componaits. By solving this non-linear equation an 
approximate solution for 0 has been obtained which can be used 
as the initial value. 


3. 2.2.1 Determination of Approximate value of 0 : To determine 

the approximate value of 0 only the fundamental components of 
the voltage source v^ and the current source of Figure 3.1 
are considered. The circuit waveforms under such conditions are 
similar to those of Figiire 2.2(a). The corresponding phasor 
diagram of Figure 2.2(b), how'ever, has to be modified to include 
the effect of the resistance. The modified phasor diagram is 
shown in Figure 3.2. 


and V, 


pu 


^u 


are the components of the per unit capa- 


citor voltage V- due to the voltage source v and the currmt 
^pu 

source i^ respectively. Considering only the fundamental compo- 

naits (h = 1), the expression for and v_ can be written 

^1 2 
pu pu 

fijomr equations (3.26) and (3.27.) respectively. 






Fi6.3.2. Phosor diagram for the oquivalont circuit of 
fig. 3.1 assuming only sinusoidal sources 
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(3.31) 

(3.32) 
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It should be noted that since the fundamental frequency 

is below the resonant frequency, Xj^^^ is less than x^^^ and so 

is a negative acute angle. Consequently (~ + 6^^) is an 
3ilt 

acute angle and (-^ - + ®Z1^ obtuse angle. 

Since the resultant capacitor voltage v_ and the 

pu 

current source phasor are in phase/ the phase difference 

°pu. 

between the phasors and the voltage source phasor Vg 

pu pu 

is also 0 . The angle between the phasors and is 

311 - 

(f -®L1^ ®Z1>" 
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2 - ©21^' i.e. (7t + 0 - e^^) and their 


resultant makes an angle (0 “ 2 *■ ®zi^ with . This 
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gives the relationship 



tan(0 -I- = 

(3-35) 

Ecjuation (3*35) after simplification, gpives 

j cosCe^j^- 0 ) - |V^ I 003(02^ - 0 ) cos (0 - 

^puj ^pu] 

+ j sin(© 23 ^ - 0) sin(0 - 63 ^^) = 0 (3.36) 

2pu 

Substituting the magnitudes of and V friMn 
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(3ii28) and (3% 29) into (3*36) and dividing both sides by 
gives 



cosce^i -.0) - cosCS^j - 0) COSC0 - 


Iq - »'! Sln(0 - Sj^j) = 0 (3.37) 
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(3.37) is the resulting non-linear equation in 0 the solution 
of which gives the approximate value of 0 . 

Equation; (3.37) has been solved using the same technique 
described in- Secticm 2. 3.3.2 that has been lised to solve equa- 
tion (2.37). The value of 0 as givoi by equation (2. 32) has 
been taken as a rough estimate of 0. This aj^roximate value of 
0 has been used as the initial val\ie for solving equation ( 3. 37/) 

in. the region ( 0 approx "" ^^approx ^ assigned 

an initial value of 0-05 and is incranented in steps of 0.05 
till a solution of (3.37/) is obtained. 


3. 2. 2. 2 Determination of the Actual Value of 0 ; The actual 
value of 0 has been determined \xsing exactly the same method 



= 0 in 


described in sectic»i 2.3.3. 2* setting oxt - 0 and 
equation (3.24) resxilts in the following non-linear equation 
in 0. 


00 A 

E ~ [sin(n0 
n=l,3,5 


2 - ®zn> - 



This equation is solved using the IMSL subroutine 
ZPALSE- As before, the approximate value of 0 as given by 
the solution of the equation (3.37) has been used to narrow 
down the region (0^^^^.^^ - 6 ) to + 6 ) in which 0 may 

possibly lie. 6 is initially assigned a value of 0.05 and is 
incrOTJOnted in steps of 0.05 till the root is obtained. The 
entire process of determination of 0 has been outlined in the 
flow chart of Figure 3.3. 

It may be pointed out here that while the determination 
of the value of 0 corresponding to a givoi value of involves 
the solution of a ccxnplicated non-linear equation such as equa- 
tion: (3.38)/ it is raxach simpler to proceed in a reverse mamer. 
In section 4. 2 it has been shown that for a given value of 0 

the corresponding value of the quantity I can very 

pu pu 

easily be calculated with the help of equation (4.10). 
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Fig. 3. 3 Flow chart for determination of the 
valtie ef 0 for th^ modified model. 











3.2.3 Time Dcxnain Waveforms of Inductor Cxirrent ± and 
Capacitor Voltage v^ ^ 

The variations of i, and v_ with time have been 

Li C 

plotted for two cycles of converter operation frcxn cot = 0 to 
cat = 4tc for the same five sets of frequoicy and output cxirrent 
Iq in Section 2.3.4. The plots have been obtained using 
the GPGS. These plots have been shown in Figure 3.4(a) 
throxjgh Figure 3.4(e). For each set of frequency and the 
corresponding value of 0 has first been calculated using the 
algorithm described in section 3.2.2. The values of i. and v_ 

Li C 

at varioxjs points have been then calculated using the expre- 
ssions (3.8') and (3.15) respectively. The various circxrlt 
parameters chosen are the same as before except that instead of 
assuming an infinite a circuit Q of 7. 3 is assxmed. The 
different circuit parameters are 


L = 73 UH C = 5 IIF Q = 7.3 


R = 


6) L 

o _ 
- 


1 



0.5234 Q 


Vg = 120 V 


In calculating ij^ and v^^ the effects of all soxirce 
harmonics upto 9? were considered. 

3. 2. 3.1 Mxaltiple Continxious Condxjction Mode in which Each 
Power Switch Conducts Twice in Each Half Cycle ; while plot- 
ting the inductor cxirrent i^^ it was observed that when the 
output cxirrent l^ is increased keeping the frequency fixed 

somewhere in the frequency range 0.5 < 4” <1/ there is a 

o 

tendency c«i the part of the converter to ^ter into a conti- 
nuoxis condxiction mode which is quite different frwn that of 



Figure 


3.4(a) 




Plgiare 3.4(b) 


I 
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Figure 3 *4(6) 


Figure 3 . 4 . Ini victor cvarrent and capacitor voltage 

waveforms obtained from tbe model of 
Figvire 3 .I for L = 73 C * 5 >F, 

Q » 7.3 and V « 120 V. 

9 






Figure 1. 2(a). In this mode the power switch or conducts 

twice in', each half cycle. Such a mode has been illustrated in 

Fig\are 3.5 for f = 4.6 KHz and I = 19 A. 

o 


The conduction sequence over a full cycle in the 
mul-tiple continuous conduction mode has been sketched in Figiure 
3,6. At the start: of the first half cycle at t = 0 the indue- 
tor current ij^ is negative. The device conducting then is the 
feedback- diode D^. When i^^ becomes positive# conduction passes 
to the switch S^. When i^ reverses again# the diode takes 
over. Before the half cycle is complete# i^ becomes positive 
again* and starts to conduct once more. At the end of the 
first half cycle is ttimed off by forced commutation and 
ij^# which is still p)Ositive# now flows throxigh the feedback 
diode D 2 * When i^ reverses in direction# the switch S 2 starts 
to cond\K:t. The conducti cat sequence in the second half cycle 
is similar to that in the first. 

It should be noted that w^hen the converter is opera- 
ting in the multiple continuous cxtnduction mode# the power 
switches S. and S, cannot be turned off by natural ccanmutation. 

and S 2 must be turned off by forced coranutaticat or gate 
control when they are still condiK±.ing current. Also# the 
switches and S 2 must be turned on slightly after the begin- 
ning of each half cycle so that a short circuit of the input 
voltage sources through and S 2 is prevented. The switch 
S., or should be turned on only when the switch that was 
conducting at the and of the previoxis half cycle has been 


cOTvpletely tximed off 



FREQUENCY =-^4600 Hz 
OUTPUT CURRENT 10=19,00 


<--sdJv Ni II iN3aaB-«Drai 


3 09 0 b 02 0 


02' 0t7- 09- 08- 


Figure 3.5 • Inductor current and capacitor voltage waveforms in the multiple 
continuous conduction mode 

(L * 73 >*'H, C = 5 M-F, 0 = 7.3 and * 120 V). 
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FI6.3.6. Inductor curront wovoform In tho multipit conti- 
nuous conduction mods 



It was observed that as the frequaicy is raised, the 
magnitxrie of output cxirrait at which the converter jiast 
Qiters into this mode is also correspondingly increased. This 
increase continues till frequencies near the resonant frequency 
after which there is a decrease in the value of required 
to enter into this mode. 

It should be noted that the continuous conduction 
mode is possible only if the power switches and are 
gated continuously in. the first and second half cycles respec- 
tively. If, however, pulse gating is \ised the converter will 
enter into discontinuous cond\action mode at higher valries of 
Iq instead of entering into the multiple continioous conduction 
mode discussed above. In s\ach cases there is an T^per limit 
on the value of output currant l^ for which continuoios conduc- 
tion is possible at a given frequency. For pulse gating, 
however, the exact behavioxir of the ccxiverter for values of I„ 
^ove this specified limit cannot be predicted frcxn the frequ- 
ency domain twDdel, since discontinuous condxiction violates 
the basic assumption on which the rmsdel is based, 

3.3 COMPARISON OP THE RESULTS OBTAINED FROM THE SIMPLER MODEL, 
THE MODIFIED MODEL AND EXPERIMENTAL RESULTS REPORTED IN 
LITERATURE [11] 

Experimental waveforms of inductor current i^^ and 
capacitor voltage v^ reported in [11] have been reproduced in 
Figure 3.7. These waveforms have been obtained for the same 
circuit parameters and the same five sets of frequency and 
otatput current I^ as those of Figaire 3.4. 




Fig. 3.7. Experimental wavefcnns for the inductor cxirrent and the 
capacitor voltage for L = 73 MH, C « 5i».F, Q * 7.3 and 
Vg = 120 V (Reproduced from [ll}). 

y - scales are cxirrent = 20 Vcm; voltage « 100 v/cm 

(a) Frequency = 4446 Hz, I© = 7.28 A 

(b) Frequency « 450'? Hz, Iq = 10 . 3 A 

(c) Frequency = 46 O 3 Hz, Ip * 13*4 A 

(d) Frequency = 5373 Hz, Ip = 11.4 A 

(e) Frequency = 5810 Hz, Ip * 9.5 A 







A comparison of the Figures 3.4 and 3.7 reveals the 
striking reseirblance of the two sets of waveforms. The only 
discrepancy is that the values of currents and voltages for 
Figure 3.4 at some points are slightly greater than the corres- 
ponding valxies of Figure 3.7. This difference is particularly 
obvioxis from the waveform of i, at the Instant when the ccsiduc- 

Lt 

tion passes from a feedback diode to a power switch. This 
discrepancy, however, is only to be expected since in the 
analysis of Chapter 3 stray circtoit resistances have not been 
considered and voltage drops across condxocting devices have 
also been neglected. 

A compariscxa of Pigiure 2-4 with Figures 3.4 and 3.7 
shows that the values of currents and voltages are scatvewhat 
greater in Figure 2.4 than those in Figures 3.4 and 3.7. The 
discrepancy discussed in the previous paragraph is much more 
pronounced for Figure 2.4. This is so, because in the analysis 
of chapter 2 the resistance of the resonant circuit was alto- 
gether neglected. 

3.4 CONCLUSIONS 

The frequ«icy domain model described in Chapter 2 has 
been fvirther refined by including the effects of the resonant 
circxiit resistance. An analysis similar to the one of 
Chapter 2 has been carried out. The existence of a continuous 
conduction^ mode at higher valxies of output current in which 
each power switch conducts twice in each half cycle has be®i 
pointed out. Variaticais of inductor cxnrrent and capacitor 
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voltage with time have been plotted and these have been 
compared with known e3q>erimental resxilts. The proposed model 
is validated by the close agreement between the predicted and 
the experimental wayefoims. 



CHAPTER 4 


SOME IMPOFTANT PERFORMANCE CHARACTERISTICS 

4.1 INTRODUCTION 

The proposed frequency domain model has been described 

in Chapters 2 and 3. The validity of the model has been 

demonstrated by comparison with experimaital results reported 

in literature. In this chapter using the results obtained 

from the modified model of Chapter 3, several interesting and 

useful relatic»aships have been given in the form of graphs- 

These curves, together with thctse given in Chapter 5, can be 

used to design a parallel resonant converter (a design example 

has been given in Chapter 6). 

The variation, of phase difference 0 as a fimction of 

I Xt- has been discussed in section 4.2, first talcing w 
pu "^pu ^ 

as a parameter, and then taking Q as a parameter. ' The maximum 

possible value of I X, . at differ^it frequencies has been 

pu. ■*'pu 

plotted in Section 4.3 for different val\aes of Q. The bovin- 
dary of the multiple conduction mode discussed in section 

3. 2. 3.1 has beai obtained in Section 4.4. The variations of 
peak capacitor voltage and output voltage at different frequ- 
encies have been discuissed in sections 4.5 and 4.6 respectively 
Finally, the turn-off time available to the power switches has 
been calculated in Section 4.7 . 

while plotting the curves the qtaantity I XL , 

°pu /^■‘■pu 

has been taken as either the iixaepQident or the dep^dent vari 
able, with this choice, the effects of variations of output , 



current, frequency of operation and circuit componaits can 

all be incorporated in the same variable. The expressions 

for the inductor ciorrent (equation ((3. 23 )>, the capacitor voltage 

(equation (3.24)), and the phase difference 0 ( equation (3 . 38 ) ) 

can be written conveniently in terms of the quantity I X.- 

pu ■‘■pu 

If Q and are known, the expressions for the capacitor 

voltage v^ (equation (3. 24)) and the phase difference 0 (equa- 

pu 

tion 3.38) can be completely determined by assigning values to 

I XL . . It is then not necessary to assign separate 

pu ■‘■pu 

values to I , L or C . The varioxis quantities in ( 3. 24) 

pu pu ^ 

and (3.38) can be expressed in terms of Q and m as follows 
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(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 


While plotting these curves as well as those giv^ in 


th 


Chapter 5, the effects of all harmonics vi^o the 9 were 





considered. The various grafdis in this chapter have been 
drawn using the PLOT -lO and the GPGS. 


4.2 VARIATION OF PHASE DIFFERENCE 0 

The variation of the phase difference 0 with 

Iq X- I has been plotted first taking w as a parameter, 
pu pu 

Subsequently the effect of variation of Q on 0 at a particular 
fr^uency has been examined. 


4.2.1 Variation of 0 with w as a Parameter 

Jr 

The value of 0 corresponding to a givoi value of 

I can be obtained using the technique described in 

°pU' "^pu 

section 3.2.2. For this it is necessary to solve the non- 
linear equation (3.38). This^ however/ requires considerable 
cOTiputer time. Moreover, it was observed that equation (3.3a) 

could not be solved for higher valxies of I X, , using the 

°pu "^pu 

usual IMSL and NAG sxibroutines used for solving non-linear 

equations. Also, whether I X- . is a single or m\alti~ 

°pu '^pu 

valued fmction of 0 cannot be determined using this technique. 
By using an alternative technique the corresponding 


values of 0 and I X, , can be obtained more conveniently. 

°pu "^pu 

Equation (3.38) may be written as 
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O lil 
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r ~ cos(e - n0) 
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n n Ln lii Zn 


(4.10) 


From this expression it is observed that for a given 

value of 0, the corresponding value of I X,- can be 

pu pu 

determined by singly evaluating the right hand side of ejuation. 



(4»10). It is then not necessary to solve any complicated 
non-linear equation. Consequaitly, instead of deteninining the 
value of 0 corresponding to a given value of I it is 

pU "^pVL 

much easier to proceed in the reverse direction. 

0 is assigned values from 0° onwards and the corres- 
ponding values of I X, . are determined using equation 

°pu ^^pu 

(4.10). The corresponding values of 0 and I X,- have been 

°pu ^"^pu 

plotted in Figure 4.1 for different values of per unit frequ- 
ency These curves have been obtained assuming the value 

of Q to be 10. The curves of Figure 4.1(a) are for the values 
of which lie in the normal operating region 0.5 < 0)^^ <1.0. 
Figure 4.1(b) is an expanded version of Figure 4.1(a) for 

values of I Xj.. in the range 0 to 0.8. Figxire 4.1(c) 
pu "^pu 

shows the curves for ci ,, <0.5 and m i 1.0. Only the values 

pu pu. 

of 0 corresponding to positive values of I X^. have been 

°pu "^pu 

shown in these figures. The curve obtained fron the relation- 
ship given by equation (2.32) w'hich has been obtained using the 
simplified model for fundamental components only is also given 
in Figures 4.1(a) and 4 . Kb). 


4. 2. 1.1 Conclusions : The following conclusions can be drawn 

from Figure 4.1: 

(1) For cOpij lying in the range 0.5 < Op^ < 1*0 and also for 

frequencies above resonance (t^py > 1»0)/ 0 is a double- 

valued functicai of i x,. 

pu "^pu 

For a given value of m there is a maxiimm value of 


( 2 ) 


an cieg: 



0.5 <« < 1.0 



in Degrees 
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(3) When lies in the range 0.5 < <>3^^ < 1.0, all valxies 
of 0 lie above a certain miniroim value. This minimtm 
possible value of 0 which occxirs for zero output current 
increases for increasing values of frequency. 


4.2.2 Variation' of 0 at a Constant Frequency with Q as a 
Parameter 

with m constant at 0.65 the variation of 0 with 
pu 

Xt , for different values of Q has been, shown in Figure 
°pu '^pu 

4.2. These curves have been obtained frOTi equation (4.10) 
using the same tecbiique as that described in Section 4.2.1. 

4. 2.2.1 Conclusions : From Figure 4.2 it is observed that 

at a given frequency 0 is a relatively weak function of Q. 

For the usual practical values of Q in the range of 5 to 10, 
there is relatively small change in the value of 0 even for 
appreciable changes in the value of Q. 


4.3 VARIATION OF MAXIMUM POSSIBLE VALUE OF I X^- , 

pu -^-pu 

(I X^ ) WITH FREQUENCY 
pu pu max 

As pointed out in section 4.2.1, for a given frequ^cy 

there is a xipper limit to the value of I X. . Taking Q 

pu '^pu 

as a parameter the variaticwi of (I^ X.. ) with has 

been shown in Figure 4.3. 


-O > 

pu pu max 


pu 


4.3.1 Method of Calculation 

There is no easy analytical relationship between 

) 


(I X- . ) and o . SO to calculate (I 

C — .. 


-O ^1 

'pu " ■^pu max ^ 

corresponding to a given value of “ ,,# values of I X, , 

pu pu 

are calculated using equatlcn (4.10) by varying 0 within the 






range of O to 180® in steps of 0.333 degrees. 

of these values is taken as the (i r ) 

, ^ °pu! ^pu max 

to the given value of q. 


'pua' 


The maximum 
corresponding 


4.3.2 Conclusions 


, From Figxire 4.3 it is observed that (i 3C - > 

®pu ^u. max 

has peaks for a> = 0.33^ 0.5 and 1.0. The peak at w = 1.0 

pUi 

can be explained by the fact that at resonance tte impedance 

of the L-c circuit is minimum and so the circuit cxirroit is limi 

•ted by only resistance in the circuit. 

The existence of the peaks at m = 0.33/ 0.5 and 1-0 

p\x 

implies that it is theoretically possible to operate the 
converter at higher cvirraits at or near these frequencies. 
However/ at high values converter is likely to enter 

into the multiple conduction mode that has been pointed out in 
section 3. 2.3.1. Moreover/ limitations imposed by the turn-off 
times of the power switches and will also have to be 
taken into considera-tion befcre operating the converters at 
stJch high currents. 

4.4 BOlMDARf OF MULTIPLE CONDUCTION MODE 

The multiple conduction mode (m.c.m. ) that has been 
discussed in section 3. 2. 3.1 is of critical importance to 
the system designer, when the converter is operating in the 
m.c.m./ natural coromtxtation cannot be made \ise of. The power 
switches S- and S-, must be turned off by forced cxxmnutation- 
From Figure 3.6 it follows that in order to prevent the short 
circxiit of the input voltage sources through S^ and s^/ the 
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turn off of and must be accauplished within the time 

intervals for which and respectively conduct at the 
beginning of each half cycle. It is obvious from Figure 3.5 
that these time intervals are usually small. Consequaitly it 
is advantageous to ensure that the converter operates in the 
normal continuous condxaction mode and does not enter into the 
m.c.m. 

In this section the boundary of the m.c.a* has been 
determined. The values of I^ X. . at which the converter 

O 111 

pu pu. 

just enters into the m.c.m. at different frequencies in the 
normal operating range of 0.5 < have been shown in 

Figure 4.4 for Q = 10. 


4,4.1 Method of Calculation 

In the limiting case when the converter just enters 
into the m.c.m. the indxactor current i^ is zero at the aid of 

ii 

each half cycle. This is so, because then the conduction 

passes from or D 2 to S 2 or at the end of each half cycle 

with the switch or S 2 just about to condxict. so the 

value of I XL . corresponding to a given value of can 
°pu pu 

be determined by eauating the expression for i. givai by 

pu 

'pu ■‘■pu 

From equation (3.23) with the help of equation (2.19) 


equation' (3.23) to zero at wt = 0 and solving for 1^ 


one can write 


pu 


'«at=0 


Cl n 
pu- 


[E !sin + 


®zn ^ ^ 1 


n 05 


pu 


(4.11) 


since nX, 


Cn. 


pu 


= X V which is irxiependent of n. 
*^pu 



Multiple conduction 


o 



Figure 4.4. Boundary of multiple conduction mode 


Equating i^ | to zero gives the following non- 

put »t=0 

linear equation 


^ ®Zn ? — 5“^ cos(n0 + = 0 


n 


n i£t 


(4.12) 


pu 


For given values of Q and equation (4.12) can be 


°pu 


solved for I X. . using the usual techniques used for 
pu ^•‘■pu 

solution of non-linear equations. This, however, reqxiires 
that every time the left hand side of (4.12) is evaluated, the 
val\ie of 0 corresponding to the value of the variable I 
has to be determined by solving the c<xnplicated non-linear 
equation (3,38). The amount of nvjmerical ccwnputations requ- 
ired for solving equation (4.12) can be reduced considerably 
by solving equation (4.12) for 0 instead. Then for each fxinc- 

tion evaluation the value of Iq X. ^ corresponding to the 

pu pu 

value of 0 at that point can easily be determined frcro equa- 
tion (4.10). 

Using this technique equation (4.12) has been solved 
for 0 by means of the IMSL siobroutine ZPALSE. The correspon- 
ding value of I X. has been obtained from equation (4.10). 
^pu ^pu 

This gives the boundary of the ra.c.m. corresponding to the 
given value of ojp^* 

4.4.2 Observations 

As pointed out at the beginning of section 4.4, the 
converter woxild preferably be operated such that it does not 
enter the ra.c.m. So from Figure 4.4 it follows that at a 
giv«i frequency there is an upper limit to the value of 



Iq (and^ therefore, to otitput curirent I ) below which 

pu ^pu ® 

the converter must be operated such that it does not enter 
the m.c.m. There is, thus, a limit to the maximum output 
current a parallel resonant converter can provide at a given 
frequency . 


4.5 VARIATION OF PER UNIT PEAK CAPACITOR VOLTAGE V^ 


'P®^pu 

To determine the voltage rating of the capacitor it 
is necessary to determine the peak, value of the voltage across 


it. The per mit peak, capacitor voltage v 


'peak. 


at any 


pu 


frequency of operation can be deteinnined from curves similar 

to those given in Figure 4.5. Figure 4.5 shows the variation 

of peak capacitor voltage with I , for six different 

°pu ^^pu 

values of frequencies. These curves have been obtained assu- 
ming a Q of 10. 


4.5.1 Method of Calculation 

The expression for the capacitor voltage v is givei 
by equation (3.24). However, no nimerical technique is avail- 
able which can be used to maximize a function such as the one 

given by (3.24). To determine v , therefore, v as 

Seakpu V 

given by (3.24) is evaluated at a number of points by varying 
(j5t in the range 0 < Ciit < (180®+ 0). The roaximmi of these 
values is taken as the peak value of per unit capacitor vol- 
tage. Since the capacitor voltage is a smooth function of «at, 
the error produced by this method is negligible if the number 
of points is sufficiently high. 



In order to evaluate v. 


as a functioi. of I, 


"pu °pu ^^pu 

as given by equation (3.24)/ it is necessary that the value 

of 0 corresponding to tte chosoi value of I . be deter- 

*^pu pu 

mined. However, instead of calculating the value of 0 for a 

given I X_ . / it is much- more advantageous to calculate 

pu '^pu 

I- for a given value of 0 using equation (4.10). So 

pu ‘^pu 

at each frequency 0 is varied from 0° onwards and the corres- 


ponding valxies of I X_ . are calculated using equation 

pu -^pu 

(4.10). The correspcHiding pairs of values of I Xj.. and 

pu "^pu 

0 have been then substituted in expression (3.24) to calciilate 
v^ . Only the values of 0 corresponding to positive values 
have been taken into consideration- 

4.5.2 Conclusions 

The following concliisions can be drawn from cxirves of 
Figure 4.5. 

( 1 ) The peak capacitor voltage is a do\±>le valued function 


C 

pu 
of I 


o 

pu pu 


of I 


o ^1 - 

pu pu 


The two values of v^ 


'peak 


correspond to 


TDU 


the two values of 0 that exist for a given value of 


^o "^1 • 

pu pu 

(2) For small values of I 


o ^1 ' 

pu -^pu 


takes consider- 


'peak 


pu 


ably higher values at higher frequencies of operation. 
This suggests that if the converter is operated as a 
current source whose magnitude is small, it is advanta- 
geous to operate the converter at frequencies slightly 
above 0.5 Wq, so that the peak capacitor voltage is 


reduced. 
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4.6 VARIATION OP PER UNIT OUTPUT VOLTAGE V 

o 

pu 

In order to determine the usefulness of the parallel 
resonant converter as a dc power supply, it is necessary to 
examine the regulation of the oxotput voltage as tte converter 
is loaded. Figure 4.6(a) shows the variation of the per unit 


dc output voltage as a function of l^ at different 

pu pu 

frequencies. Figure 4.6(b) is the expanded version of Figtare 


at different 


4.6(a) for values of I 

°pu ^ ^pu 

The Q of the circuit, as before. 


lying in the range 0 to 0.8. 
was taken as 10. 


4.6.1 Method of Calculation 

The output voltage in the parallel resonant converter 
is obtained by rectifying and filtering the voltage across 
the resonant capacitor, so the output voltage can be deter- 
mined by calculating the average value of the capacitor voltage 

over a half cycle,. The expression for v_ givai by equation 

pv 

(3.24) has been numerically integrated from 0 to 0 + 180° and 

the result has been divided by 7t to obtain the per unit oxitput 

voltage V corresponding to the given values of o) and 
pu 

I Xj. - . The numerical integration has been carried out 

°pu ^^pu 

with the help of the NAG sxjb routine dgTiajf. 

As described in section 4. 4. 1,0 was varied fran 0° 

onwards and the corresponding values of I X. -i f obtained 

pu pu 

using equation (4.10), were sxibstituted in ( 3 . 24 ) be fore v^ 

pu 

was evaluated at eacii point during the integration. 


4 .6. 2 Conclusions 

The' following conclusions may be drawn from the 


curves of Figure 4.6 . 



0.95 



Pigure 4.6(a), Variation of per unit dc output voltage V with 

°pu 

(Arrowhead indicates increasing values of 0). 





( 1 ) 


( 2 ) 


(3) 

(4) 


(5) 


The nature of variation of V with I 


tially the same as that of 


pu 
■peak 


‘^pu ^^pu 


is essen- 


This implies that 


■pu 


the voltage across the resonant capacitor is essentially 
sinusoidal. 

The capacitor voltage may depart from sinusoidal waveform 

at higher values of for some frequencies. 

pu pu 

This may be noted by comparing the curves of Figure 4.5 
with those of Figure 4.6. For example, for o = 0. 55 


and = 0.65 at higher values of 


pu 


pu 


Is 


pu peak 


pu 


positive while the output voltage is negative. This 


pu 

implies that the capacitor voltage is highly distorted 
for very high values of load current at these frequencies 
At low values of outptjt current i£ the frequency is 
increased the average output voltage also increases. 

The regulation of the output voltage with respect to 
load current is much better at lower frequencies than at 
higher frequencies. This suggests that when used as a 
power supply, the converter should preferably be operated 
at frequencies sUghtly above 0.5 

when the output voltage is negative, i.e. the converter 
is operating in the regenerative mode, the regulation of 
output voltage is excellent, specially at lower frequ- 
encies around 0.55 


4.7/ VARIATION OF PER UNIT TURN-OFF TIME t 

^U 

Figiire 4.7' shows the per unit turn-off time available 

to the power switches S. and s, as a function of Iq 

. ^ pu pu 

at seven different frequencies., 
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4.7.1 Method of Calculation 

When the converter is operating in the normal conti- 
nuous conduction mode (0.5 < co < 1)# it is observed frcxn 
Figure 1.2(a) that the turn-off time t available to the power 
switches or S 2 is the time interval for which the corres- 
ponding feedback diode conducts, so one can write 


T 

~ 2 ” ^1 


(4.13) 


With the help of equation (2.19) t may be expressed 

Si 

in terms of per unit quantities as 

1 - t 

2 ^1 


or. 


=^pu 


^'pu 


2 % 

(Jir. 


I “^1 

pu 


(4.14) 


The quantity can be determined by observing that 

at cot = cot- the expression for i^ as given by (3.23) becomes 
^ pu 

zero, i.e. 


pui 


= 0 


(4.15) 


Cilt = cost. 


Substituting the expression for ir fxom (3.23) in 

pu 

( 4.15) gives 




S [ sin (n cot - sin(n cot^ - n0 - ” ®2;n^3 ~ ^ 

“pu 

(4.16) 

For given values of Q and (0^^ the n<xi-linear equation 

(4,16 ) can be solved for cot- for different values of I Xj^ - 

pn pu 
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Equation (4.16) has been solved vising the IMSL subroutine 
ZPALSE. The r^ion within which the root will lie was speci- 
fied as from 0 to tc. 

The value of obtained by solving equation (4.16) 

is substitute in equation (4.14) to determine the per vinit 

turn-off time corresponding to the given value of I X, . 

pu -^pu 

The turn-off time has been determined for values of 

Iq X. - upto the value at which the converter enters into 
pu pu 

the multiple conduction mode. Once the converter enters the 

m.c.itv.# the turn-off time available is zero for all higher 

values of X. , . 

O LI 
pu “^pu 

4.7.2 Conclusions 

From Figure 4.7 it is observed that higher tum-off 
time is available at lower frequencies of operation. Also, 
the turn-off time available at a given frequency decreases as 
the output load current is increased. 

,4.8 CONCLUSIONS 

The variations of several important variables have been 

obtained in this chapter. By choosing I X, . ^s the vari- 

pu -^pu 

able, the effects of variations in both the output cvirrent arvi 
the component values have been incorporated in the same vari- 
able. The curves that have been given in this chapter lead to 
a better understanding of the operation and a superior evalu- 
ation of performance of the converter. These curves are also 
useful for the design of the converter. From the conclusions 
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that have been obtained in Sections 4.5/ 4.6 and 4.7. it is 

seen that when used as a power suj^ly it is advantageous to 

operate the converter at relatively lower frequencies that 

are a little above 0.5 co^. 

o 



CHAPTER 5 


VAFOtATION OP POWER AND EFFICIENCY FOR 
DIFFERENT CONTROL SCHEMES 


5 . 1 INT RODUCTION 

In order to have a proper insight into the performance 
of the parallel resonant converter, it is necessary to deter* 
mine the variations of power and efficiency in addition to the 
performance characteristics that have been obtained in Chapter 4. 
In this chapter the variations of output power, input power, 
circuit losses and converter efficiency for different control 
schemes have been examined. 

Two types of control schemes the open-’loop frequ- 
ency control and the closed -loop phase control — have been 
briefly discussed in section 5«2* Generalised expressions for 
output power, input power, circuit losses and efficiency in 

terms of the variable I_ X. ^ have been derived in section 

pu -^pu 

5.3. The variations of power and efficiency for both the 
frequency and the phase control have been examined in section 

5.4. The variations have been first examined as a fxinction 

of the variable I X^. . subsequently the variations of 

°pu ^"^pu 

power and efficiency with per unit output current for a given 
set of circuit parameters have been observed. Finally, a 
comparison of the frequency and the phase control scheme has 

been mads in section 5»5» 

Willie performing the various oaloulations the value 
of the circuit Q has been taken as 10 throughout this chapter. 



Like the graphs in Chapter 4/ the graphs in this chapter have 
also been drawn xising the PLor-lO and the GPGS . 

5.2 CONTROL SCHEMES FOR THE PARALLEL RESasrANT CONVERTER 

In order to ensure satisfactory performance of the 
parallel resonant converter/ some kind of control must be 
employed, in this section two possible control schanes ~~ 
namely, frequency control ( f-control) and phase control (0- 
contarol) have beai briefly discussed. 

5.2.1 Frequency Control (f-control) 

In the frequency control scheme the open -loop control 
is employed. The converter output is controlled by varying 
directly the frequency at which the power switches S^ and s^ 
are operated . 

5.2.2 Phase Control (0-control) 

In tMs control scheme the phase difference 0 between 
the square wave voltage source v^^ and the square wave current 
source i^ of Figure 3.1 is the control variable. This is a 
closed -loop control with the error in the phase controlling 
the frequency. An example of implementation of this contirol 
scheme has been given in [11]. 

It may be pointed out here that in all the control 
schemes that may be employed in the parallel resonant converter, 
the frequency at which the power switches and S 2 3re turned 
on is the ultimate variable that is controlled. This frequency 
is controlled explicitly in the op^ai— loop f— control scheme. 

In the closed— loop control schcsnes such as the 0— c<xitrol, the 
frequency is controlled in an implicit manner. 





5.3 EXPRESSIONS FOR OUTPUT POWER/ INPOT POWER, CIRCUIT 
LOSSES AND EFFICIENCY 

The expressions for power can be obtained by sirosning 
the power due to the respective harmonic components. Thus 
one can write 


pu 


<30 

2 P 

n=l/ 3/ 5 pu 


(5.1) 


pu 


<30 

2 P. 
n=l/ 3/ 5 ^^pu 


(5.2) 


pu 


CD 

2 p 

n=l, 3/ 5 ^pu 


(5.3) 


where P , P, and P, represent respectively the per unit 
°pu pu pu 

output power, input power and power loss due to the resis- 
tance of the inductor. P^^ , Pj^^ and P^^ are the corres- 

th P^ 

ponding n harmonic power components. 

From equation (3.24) the expression for the n 


th 


harmonic component of the per xanit capacrLtor voltage v^^ 
may be written as 


■pu 


v_ = V sin(nw.t - 0^ ) 

“pu PV ^Cn 


(5.4) 


where 


V 


pn. 


pu 


^ \n ^Cn 


(5.5) 


0. 


V 


Cn 


Cn 


(5.6) 




cos 


cn 




Cn 


Cn 


(5.7) 
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"V 


Cn 


0, 


V 


cn. 


sin(0^ ) - B sin(0^ ) 
Cn^ Cn ^Cn^ 

Tt 

"s + 9 
2 Zn 


(5.8) 


(5.9) 


0v, 


Cn, 


n0 + -2 - © + © 

2 Ln Zn 


(5.10) 




Cn 


= n I 




(5.11) 


th 


From equation (3.23) the expression for i, _ , the 


n harmonic component of the per unit inductor current may 
similarly be written as 


Ln 


pu 


= I sin(nwt-0 ) 
^ pu Ln 


(5.12) 


where I 


pn 


pu 


S,- (Xj + )^^^ 

■ V 


(5.130 


0 

\n 

-1 \n 

= tan 

\n 

(5.14) 

X 

Ln 

= cos(0_ ) + B cos(0, ) 

Ln Ln^ 

(5.15) 

Ln 

= sin(0.^ ^ ®T sin(0^ ) 

Ln^ Ln "^n^ 

(5.16) 

Ln.^^ 

®Zn 

(5.17) 


= n0-.|te^^ 

(5.18) 


Ln, 


B. 


'Ln 


^o "^1 


n 0 , 


pu 


(5.19) 
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The per unit expressions for the harmonic ccanpo” 
nents of the voltage source and currait source i^ of Figure 
3.1 are respectively given by 
^ 4 


in 


pu. 


n-ju 

41 


sin n 0) t 


"on. 


pu 


me 


sin(n o)t — n0) 


(5.20) 


(5.21) 


Frcrni (5.4) and (5.21) the expression for the per unit 
output power due to the n harmonic components may be written 
as 

v._„ 41 ^ 

^ ) cos(0.- “ n0) (5.22) 


pn . *“o 

oiip^ T2 • h 


. p 


I 

pn , o 

= — cos(0,. - n0) 

V ^Cn 


(5.23) 


Similarly, with the help of equations (5.12) and (5.20), 

th 

the per unit input power due to the n harmonic con^jonents may 
be expressed as 

21 


cos(0j ) 
^”pu. ^Ln 


(5.24) 


The expression for the n harmonic component of the 
power loss due to resistance of the inductor coil may be ■written 
in terms of per unit quantities as 

I 


pn „ 2 

^i"pu ° '"75^' V 


i.e. 


In 


pu 


^pnpu V 

2 


(5.25) 


(5.26) 
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The expressions for P , P and P as givai 

pu.. pu 

by equations (3.23)/ (t.24) and (5.26) respectively may be 
substituted in equations (5.1), (5.2) and (5.3) to calculate 
the output power/ the input power and the circxxLt losses. 

The efficiency iQ of the converter may be detejnnined 
from the following relationship 

T)(°/o) = . 100 (5.27) 

■^pu 


It should be noted that in order to evaluate P 


P. 

1 


and P, 


pu 


, for a given value of the independent variable 
pu pu 

I_ X / specific values of I / X, ^ and R have 

bl — o_., Cl pu 

xr 

on ' ^ 


/ 

pu -pu ''pu -^pu 

to be si±istituted in the expressions of P^„ / P. 

^”pu ^^pu "^^pu 

If/ however/ both sides of equations (5.23)/ (5. 24) and (5.26) 


are multiplied by / more generalised expressions may be 

pu 

obtained. For given values of Q and o) it is then possible 

Jr''-* 

to eval\iate these expressions for a given value of I X^ , 

°pu "^pu 

without assigning specific values to R, L/ C and l^. 

Miiltiplying both sides of equations (5.23)/ (5.24) and 

(5.26) by X,. and using equation ( 2. 22) the following expre- 
^pu 

ssions are obtained from equations (5.1)/ (5.2) and (5.3). 


27 ^ I^ X^^ 

p . = S — Jp^ cos(ja^ - n0) 

°pu ^pu n Cn 


(5. 38) 


p. X 
pu ^pu 


pn 

2 cos(0 ) 

n ^Ln 


(5. 29) 


^1 ^bl 
pu pu 


(!' ) 
n 


(5.30) 



(5.31) 


where 


I' 

pn 


pu 


^pn 

pu -^pu 


= A (X^ 

n pu 


+ y: 


, 1/2 


Ln 


"Ln 


and 


Q, 


^pu^ 


(5.32) 


i.e. is the quality factor of the coil at the frequency of 
operation. 

The efficiency i) of the converter can be obtained 


w'ith the help of the following relationship 

ni%) = , 100 

^pu 


or^ 


T)(%) = 


P "X 
O LI 

-^1 

pu pu 


100 


(5.33) 


5.4 VARIATION OF OUTPUT POWER, INPUT POWER, CIRCUIT LOSSES 
AND EFFICIENCY 


The variations of power and efficiency as a fmction 

of I^ X, , have first been obtained in this section for both 
O Ll 
pu pu 

f-control and 0-control. Sihsequently the variations of po^-er 

and efficiency with 1^ have been examined for these two 

pu 

control schemes - 


5.4.1 Variation of Power and Efficiency with I X., 

^pu ■‘■pu 

for f-control 

For given values Q and m the expressions (5.28)/ 

( 5. 29 ) and (5.30) have been evaluated for a given value of 

I X by evaluating the varioiis quantities with the help 

°pu ^^pu 
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of equations (4-1) through (4-9) as pointed out in section 4.1. 

Figures 5.1/ 5.2/ 5.3 and 5.4 illustrate the variation of 

^i ,^1 ,/ ^1 ^1 ^ respectively for six 

pu pu pu pu pu -^pu 

different values of frequencies. To evaluate expressions (5.:^>, 
(5.29) and (5.30) for a given value of u , 0 is increased from 

Ju ^ 

0° onwards and the corresponding values of I x. , are calcu- 

°pu ^^pu 

lated using equation ( 4. 10 ) as in Chapter 4. 

5.4.2 Variation of Power and Efficiency with 
for 0-control 

Figux'es 5.5/ 5.6/ 5.7 aaid 5.8 show the variation of 


^o ^L1 ' ^i 1 1) as a function of X, ^ 

°pu. "^pu.^lpu ^pu ^ V %u ^Ipu 

for 0— control . Each of the curves in these figures has been 


obtained for a fixed value of 0. For a given value of 0 o> 


pu 


is varied from 0.5 to 1.0 and the Corresponding values of 


I - are calculated using equation (4.10). The corres- 

pu *^pu 

ponding values of and I x_ , thai have been used to 

evaluate the expressions (5.28)/ (5.29) and (5.30) for the 

given value of 0. Only those values of for which the 

corresponding values of I_ X. . are positive have been taken 

pu ■‘■pu 

into consideration. 


5.4.3 variation of Power and Efficiency as a Pmction of 

for f-control 
o 

pu 

In this section the variation of per unit output 

pow'er/ input power/ power loss and efficiency as a function of 

the per iinit output current have been cbtained for a giv^ set 

of circuit parameters. The c^-rcuit parameters are chosen such 

that Xt T v= 0,25 at £ii) = 0.5. value of Xj^^ 

■‘■pu P'^ 

frequency is thoi given by 


at any 
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X. 




'Ll 


pu 


* 0.25 . -2H 
0.5 


i.e. 


X. 


LI 


= 0.5 W 


pu 


pu 


(5.34) 


Xci may be calculated from equation (2.22) as follows 

pu 

X . = 

pu 


(5.35) 


, P. and P, 


Having calculated x^^ and X^ ^ P 

pu ^pu °pu “pu "pu 

have been calculated from equations (5.23), (5 . 24), (5 . 26) and 

(5.1), (5.2), (5.3). T] has been obtained from equation (5.27). 


The variations of P 


' ^i ./ ^1 


and rj with I have been 
pu "pu "pu °pu 

show’n in Figures 5.9, 5.10, 5.11 and 5.12 respectively for six 

different values of frequencies. For a given value of m 0 

ir 

is increased from 0 ° onwards and the corresponding values of 

I are calculated from equation (4.10) as in Section 5.4.1. 

pu 

5 . 4.4 Variation of Power and Efficiency as a Function of 
I for 0--control 
°pu 

In this case also the circuit parameters are ciiosen 
such that X. 
and X 


Cl 


= 0.25 at 0) =0.5. After calculating X. , 

with the help of equations (5.34) and (5.35) respec- 


pu 


tively, 0 ) is varied as in section 5.4.2 from 0.5 to 1.0 and 
pu 


the corresponding values of 


are calculated from equation 


pu 

(4.10) for the given value of 0. Values of P_ , P, , P, 

pu pu pu 

and T) have been then calculated from equations (5.23), (5.24), 
(5.26), (5.27) and (5.1), (5.2), (5.3) as before. Figures 
5.13, 5.14, 5.15 and 5.16 show the variations of P^ , Pj_ 


pu 


pu 


p, and T) respectively with l 
■^pu pu 


for different values of 0. 
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Figure 5.1(b). Variation of x', with I x , 

O LI O Lt1 

pu -^pu pu 

f -control 

(expanded version of Figure 5.1(a)) 
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Figijure 5.4(b). Variation of efficiency >i with I x_ for 

pu -^pu 

f-control . 

(expanded version of Figure 5«4{ a)). 



















5-0 



Figure 




113 



given set of circuit parameters 

(Arrowhead Indicates li:K:reaslng values of 0 ). 





with 


0.25 at 






0.25 at 
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5-4.5 Conclusions 

Several interesting observations can be made from the 
curves of Figures 5.1 through 5.16. 

5.4.5. 1 f -control ; Prom Figures 5.1 through 5.4 and 5.9 

through 5-12 one can arrive at the following conclusions about 

the frequency control scheme. 

( 1 ) The output power f the input power and the power 

loss in the circuit are doxible valued functions of oxitput 

current I^. 

o 

( 2) For lower value of output current the output 
power is greater at higher frequencies. Also, the maximum 
output power available at a givoi frequency increases with 
increasing frequency in the frequency range 0.5 < <1.0. 

( 3 ) The output power is zero when is equal to 

zero. In the frequency range 0.5 < < 1.0 for a given 

value of frequency it increases for increasing values of 1^, 
reaches a maximum and then starts falling. Finally it reaches 
to zero, reaches a maximum in the negative directionf starts 
rising and finally becomes zero again. The positive values 

of output power correspond to operation in the normal converter 
mode, while the negative values imply operation in the regen- 
erative mode. 

(4) The nature of variation of the input power at a 

given frequency is similar to that of the output power except 

that when I is equal to zero the input power is not equal to 
o 

zero but is equal to the power loss at zero output curr^t. 



( 5 ) The power loss of the inductor coil rises rapidly 
at higher frequencies. For small values of output current/ the 
power loss at higher frequencies is appreciably greater than 
that at lower frequencies. 

(6) The efficiency of the converter is zero at zero 

output current. In the frequency range 0.5 < <1.0 at a 

given frequency (Figures 5.4 and 5.12) the efficiency increases 
for increasing value of I^/ reaches a maximim/ then starts 
falling and finally becomes negative. The negative values of 
efficiency at higher currents in Figures 5.4(a) arwi Figure 5.12 
imply that in that region although the converter is operating 
in the regenerative mode and the output power is negative/ the 
input voltage source is also delivering power. Both the input 
and the output power are then xjsed up to supply the high 
power loss that is taking place in the inductor coil at s\jch 
high currents. 

(7) For a given value of output current/ the effi- 
ciency is greater at lower values of frequency than that at 
higher frequencies in the normal frequency range 0.5 < < 1*0* 

FrcMti this and the previovis observation it is conclx:Kied that it 
is not de^rable to operate the converter at very low values 
of output current and at higher values of frequencies. 

5. 4. 5. 2 0-control ; The following conclusions are made about 
the 0-control sch&ae with the help of Figures 5.5 through 5-8 
and 5-13 through 5-16- 

(1) For lower values of 0 the output power is 
positive and for higher values it is negative/ i.e. tl^ 
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converter is operating in the regenerative mode. 

(2) The magnitude o£ the output power at a given 
value of the output current is usually greater for higher 
values of 0. This is true in both the normal and the regener- 
ative mode. 

(3) The magnittjde of the input power at a giv^ value 
of 0 passes through a minimim. 

(4) Considerable power loss takes place in the 
inductor coll at low values of the output currQ:it and this 
power loss is much greater for higher values of 0. 

(5) The efficiency is zero when the output currait is 
zero. For lower values of 0 the efficiency is found to increase 
with 1 ^, reach a peak and then decrease. Values of efficiency 
above 100 for higher values of 0 indicate that the converter 

is operating in the regenerative mode in such a manner that the 
power delivered by the active load is used to supply power to 
the input voltage source as well as balance the power loss in 
the inductor resistance. , 

(6) At lower values of output current the efficiency 
is appreciably greater for lower values of 0. From this and 
the previous c±>servation it is concluded that for the 0-control 
scheme it is not desirable to operate the converter at very 
low values of output current and at higher values of 0. 

5.5 COMPARISON OF f-CONTRDL AND 0-CONTRDL 

From Figure 4.6 it is doserved that the regulation of 
the output voltage with the load current is quite satisfactory 
when the converter is operated at frequencies slightly above 
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0.5 0 )^. Prom this observation it is concluded that if the 
converter is operated as a constant voltage soiarce^ open -loop 
f-control will give adequate performance. However, from 
Figures 5.1 and 5.9 it is observed that at low values of the 
load current at a given frequency, the output power varies 
rapidly with the load current. This sxiggests that if constant 
power output is desired, the open-loop f-control will not give 

f / ■ 

satis factory performance. However, from the curves of Figiires 

5.5 and 5.13 it is seen that for smaller values of 0 the output 
pow'er ratains reasonably constant with load currait till very 
low values of load current at which the output power under- 
standably decreases. Thus it is concltrfed that if a constant 
output power is desired, closed-loop 0-control mxist be employed 

5.6 CONCLUSIC»© 

The variations of power and efficiency have been exam- 
ined in detail in this chapter. These relationships, together 
with those obtained in Chapter 4, help to provide a deeper 
understanding of the operation and the performance of the para- 
llel resonant converter, several important conclusions have 
been reached, suitability of the opai-loop and the closed-loc^ 
control schemes to meet different requirements has also been 


examined. 
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CHAPTER 6 

A DESIGN EXAMPLE 

6.1 INTRODUCTION 

In Chapters 4 and 5 several important performance 
characteristics of the parallel resonant converter have been 
given. These relationships can be used to design a parallel 
resonant converter for a specified set of input and output 
parameters. An example of the design of the parallel resonant 
converter has been given in this chapter. 

Based on the values of the input and the output para- 
meters given in section 6,2, the values of the resonant coitpo- 
nents L and C have been determined in Section 6.3 with the help 
of the relationships obtained in chapters 4 and 5. svfcsequently 
the ratings of the power sw’itches and the diodes have been 
determined in section 6.4. A coonment on the design procedure 
has been included at the end of the chapter in section 6.5. 

It should be noted that since all the relationships in 
Chapters 4 and 5 have bean c^tained by assxmdng the value of Q 
to be 10, the LC circviit designed also has a value of Q eq\aal 
to 10. 

6.2 INPUT AND OUTPUT PARAMETERS 

The vaidous input and output parameters chosen are 
given below 

Vg = 100 V, Vq (output dc voltage) = 120 V 

I^ = 20 A, f^ = 10 KHz 
max 



Prom the speed ri cations given in equation ( 6 . 1 ) the 
following quantities are determined with the help of equation 
(2,19). 


^base 

100 V 

(6.2) 

T = 

base 

20 A 

(6.3) 

^base 

5 Q 

(6.4) 

T s= 

base 

100 lAs 

(6.5) 

^o ^ = 

1.2 

(6.6) 


pu 


6.3 SELECTION OP COMPONIWT VALUES' 

The normal operating range of frequencies for the . 

parallel resonant converter is0.5<t^ <1.0. when the con- 

pu 

verter is operated in this range# there are several advantages 
if the frequency of operation is as low as possible. As pointed 
out in chapters 4 and 5# these include better regulation# higher 
efficiency and greater turn off time for the power switches. 

This suggests that the frequency of operation shoxild be the 
lowest possible at which the rated per unit output voltage is 
obtained. Prcmi Piginre 4.6 it is observed that the maximian per 
unit output voltage is obtained for zero output current# i.e. 
when I Xr , is zero. Hewever# from the variation of ef £i- 

O xjx 

pu pu 

ciency with* I shown in Figure 5.4 it is observed that 

pu * pu 

at low values of Xt the efficiency of the converter is 

O i_I:X 

pu pu 

also very small, so the frequency of operation shovild be 

chosen such that when the converter is operating to produce 

the rated output voltage# the corresponding value of I- ^ 1,1 

pu pu 

sho\xLd be such that the efficiency also has a reasonably high 


value (Piaure 5.4). 



Prom Figure 4.6 it is observed that the maximum poss- 
ible values of per unit output voltage corresponding to *= 
0.55 and = 0.65 are l.l and 1,36 respectively. This 

suggests * 0.65 can be a satisfactory choice as the opera- 

ting frequency. It is observed from Figure 4.6 that in order 

to have V “ 1.2 at o = 0.65/ the corresponding value of 
pu 

Iq X, , must be equal to 0.34. From Figure 5.4 the valtie of 
pu ■^pu 

the efficiency corresponding to I Xj.. = 0.34 for o) = 0.65 

®pu, pu pu 

can be seen to be 86°4. This is close to the peak efficiency 
obtainable for cOp^ = 0.65 and is a reasonably satisfactory 
value. From Figure 5.4 it is observed that the value of 


X, . at w’hich the converter enters into the m.c.m. at 
°pu^^pu 

Cd , = 0.65 is 0.52. Consequently if the converter is operated 

to produce the rated output voltage at 6)^^ = 0.65, there is no 

danger of the converter entering into the m.c.m. So it is 

concluded that the choice of “ 0.65 as the operating 

frequency is a satisfactory one. 

It is assvmved that when the converter is operating at 

6) = 0.65 to produce the rated output voltage, the output load 

pu 

cvirrait is also equal to the maximum specified value, i.e. 

I = I . PrcHn Figure 4.6 it can be concluded that in the 
o o 

max: 

region of Interest the output voltage increases for decreasing 

values of I X, , and decreases for decreasing val \ies of 
°pu^^pu 

frequency. So at values of output current less than I 

max 

the converter should be operated by means of feedback at 


frequencies slightly lower' than (0^^ - 0.65 in order to keep 
the output voltage constant at its rated value of 120 V. 


It has already been determined that when the converter 
is producing the rated output voltage at the operating frequ- 
ency of = 0.65/ it does not enter into the m.q.m. If the 
design procedure discussed in the previous paragraph is ^ ^ 
followed/ it is ensured that the converter does not enter into 
the rn.c.m. for all values of output curroit. At val xies of the 

load current less than I , the value of I is always 

max pu "^pu 

less than that reqxxLred to take the converter into the m.c.m. 
at that corresponding frequency. 

So at 


and 


% = 0.65/ 


I X 

°pu ^-Sulo)p^=0.65 


pu 


= 1.0 

0.34 


(6.7) 

( 6 . 8 ) 


6) » 0,65 , 2t . lO^ = 4.084 . lo"^ rad/sec 


(6.9) 


From equation (6.8) the value of inductance can be 

determined by svibstituting the values of I / « and 2^^ ^ 

pu .. 

from equations (6.7)/ (6.9) and (6-4) respectively. 


L = 


0. 34 . ^base 

. 0 ) 

0.34 ♦ 5 
1.0 . 4.084 . 10' 


i.e, 


L ~ 41-6 P-H 


( 6 . 10 ) 


i.e. 


1 


0)^ 

o 


C ^ 6.1 plP 


(271: , lO'^)^ . 41.6 . 10 




( 6 . 11 ) 



Figure 6»1 shows the variation o£ the inductor curroit 
ij^ and the capacitor voltage v^ with time for the values of L 
and c chosen when the converter is producing the rated output 
voltage at O) ,, ® 0-65 and with = l.O. These plots have 

pu Op^ 

been obtained using the same technique that was used to dbtain 
the plots of Figure 3.4 in chapter 3. 


6 . 4 DETEraCCNATION OP COMPONENT RATINGS 


The ratings of the various circuit oomponents have 
been determined by considering only the fxjndamental ccwnponents 
of the circuit curroits and voltages, since the higher har- 
monics are much smaller in magnitude con^ared to the fundamental^, 
the error produced by this method is negligible. 

6.4.1 Determination of Ratings of Inductor and capacitor 

Fran Figure 4.1(b) the value of 0 correspOTiding to 

I X,, = 0.34 for <a „ = 0.65 can be seal to be 

pu pu . 


i.e. 


0 = 23.8'’ 

0 - 0.415 radians 


( 6 . 12 ) 


The per unit peak value of the fundamaital component 

of the capacitor voltage, V_. , has been determined using the 

same technique that has been used to determine V in 

^ pu 

Chapter 5. substituting “ = 0.65, Q = 10, I X,,, = 0-34 

pu. pu 

and n = 1 in equations (4.1) through (4.9), the value of 
can be obtained with the help of equations (5-5) and (5.7.) 
through (5.11) using the value of 0 as given by ajuation (6.12) 
This gives 




* 1.895 


(6.13) 


V 


PV 

so considering only the fundamental components the 
per unit peak capacitor voltage is 


■"peak 


1.895 


(6.14) 


■pu 


The actual value of 


'peak 


can be determined frcwn 


^ pu 

Figure 4.5. From the curve for = 0.65 the value of per 

unit peak capacitor voltage corresponding to ^o^y^lpy ” 
is found to be 1.92. From the close agreement of this value 
iVith that given by equation (6.14) it can be concluded that the 
error produced by neglecting the higher harmonics is negligible. 
When ims values are calculated, this error is sUll smaller, 
since then the amplitudes of the respective harmonic comp<ments 
are squared and added. The effect of higher harmonics, whose 
amplitudes are much smaller than the fundamental, can then be 
neglected without producing any serious error. 

so per unit rms capacitor voltage is given by 


■'peak 


"rms 


*72 




(6-15) 


’pu 


. vw 4 = of V from (6.14) in (6.15) 

substitution ot the value or 

P®^^pu 

gives 


= 1.34 


(6.16 ) 


'rms 


pu 


TO determine the peak value of the per unit 

inductor current, it is Necessary to determine the value of 

X at the operating frequency 

^^pu 



X 


Cl 


pu 


QC 


■ ^ 


(6.17) 


ase 


substituting the values of w, c and Zj^^gg from eqioatims 
(6.9)/ (6.11) and (6.4) respectively one gets 


X 


Cl 


,0.80 


(6.18) 


pu 


The value of I .. has been determined with the help of 
^■^pu 

equations (5.13) and (5.15) through (5-19) using tJ^ values of 

0 and x^. given by equations (6.12) and (6.18) re^ectively. 
^■^pu 

The various quantities required for evaluating these expressions 
have been calculated from equations (4.1) through (4.9) by 
substituting " 0.65/ Q = 10/ X^^^ = 0.34 and n = 1. 

Thus .one gets 


pi 


= 2.738 


(6.19) 


pu 


So the per xinit peak ind\x:tor current 


= 2.738 


( 6 . 20 ) 


■’peak; 


•pu 


The per unit rms inductor current is given by 


rms 



pu 


= 1.94 


( 6 . 21 ) 


rms 


■pu 


From Figxires 2.1(a) and 2.1(b) it is seoi that the 
current i through the capacitor is the difference of the indue* 
tor current ij^ and the square wave current i^ whose amplitude 



is Iq* So the rros value of the per unit capacitor current is 


given by 


= (i^ 1 

■■ O L 

'rms pu. 

pu 


( 6 . 22 ) 


substituting the values of and from equa- 

1 YTTVO 


tions (6.7) and (6.21) into equation (6.22) one g§ts 


= 2. 18 


(6.23) 


Similarly the inductor voltage is given by the 
difference of the square wave voltage v^^ of ampli tilde 
the capacitor voltage v^. so the rms value of the inductor 


voltage is 


1 . 0 / 


= (V3 

'rms_ pu 


(6.24) 


The value of 


is given by (6.16). Since 


= 1.67 


(6.25) 


Multiplying the per unit voltages and currents by 
and I respectively the corresponding absolute ratings are 


obtained. Therefore 


-peak 


= 189.5 V , 


= 134 V , 


43 . 6 A / 


.V. ^ *6* 


and 


rms 


■'peak. 


rms 


= 167 V ^ 

= 54.8 A 

= 38.8 A 


(6.26) 


capacitor KVA rating - 

= 5.84 KVA 


indnctor KVA rating = 


(6.27.) 


‘rms - 
= 6 # 48 KVA 


(6.28) 

5.4.2 Determination o£ Ratinge of Power s«i tones and Diodes 

prom the circuit diagram of Figure 1.1(b) it is easily 

observed Unat the pealc voltage appearing across the power 

• /n r ^ 900 V . SO the power 

switches and the diodes is 2V^ i. • 

switches and the diodes us«l in the converter should he capable 
of blocking 200 volts of forward and reverse voltage drop 

respectively. 

- cnH Averaae current ratings of 

TO determine the rms and average c 

the respective devices precisely, it is necessary to detune 

the time t, at which tl. inductor current i, becomes se^ in 

Pi,ure 1.2Ca). However, t, tahes different values for diff 

a ,ir-rent Consequently it is not possibl 

.slues of output load current. Cons g ^^,3 

50 determine .raguely the current ratings of th pe 

devices for all values of load current, so the 

nave been determined by considering the worst case co 

a- case either tna power 

^-'bat in the worst cas 

It has been assumed that in i- . 

a 4- « for the entire duration of the 

switch or the diode conducts for 
half cycle. 


Ig and I , the rms current ratings of the power 
rms rms 

switches and the diodes, therefore, are both given by 

I. 


= I 


rms 


D 


rms 


rms _ 0-7 ^ 7 > 

V* !2 2 * * 4r A 


(6.29) 


Similarly and i_ , the average currait ratings 

av av 

of the power switches and the diodes respectively are givofi by 

I, 


av 


av 


av 


T 


(6.30) 


where I 


= average value of inductor current i, over a half 
av ^ 

cycle 

= J i 

‘ Seek 

= 34.89 A. 

So from equation (6.3C) 


Ig = = 17.4 A (6.31) 

av av 


6.4. 2.1 Turn Off Time A vailable to Power Switches : The turn 

off time available to the power swi-tches S^ and can be deter- 
mined from the curves of Figure 4.7. It is seen from the curve 

for 03 =0.65 that the per laiit turn off time available to 

pu 

the power switches corresponding to I_ X, , = 0.34 is given 

pu ‘pu 

by t = 0.19. Since is equal to 100 \is (equation 6.5), 

*^pu 

this corresponds to a turn off time of jis. This is the turn 
time 

off^available for the maximum possible value of load current. 

At lower values of load current the value of I X. - is less 

pu pu 

than 0.34. From Figure 4.7 it is seen that the turn off time 
available then is greater, so the power switches selected 



should be such that the time reqxjired to completely turn off 
the devices is less than 19 ^s. 


6 i 5 COMMENTS ON THE DESIGN' PROCEDURE 


The design procedure that has been illustrated in this 
chapter is completely general. Using this technique a parallel 
resonant converter can be designed to conform to any set of 
specifications. The following relevant conments can be made 
about the design procedtire adopted. 

(1) The frequency of operation has been chosen at w = 

pU- 

0,65 since the efficiency corresponding to V = 1.2 at a = 

pu ^ 

0*65 is 86% which is a reasonably satisfactory value. The 
values of L and C have been determined from the value of 


I corresponding to V = 1.2 at a = 0.6 5. If/ how- 

pu ^pu pu - 

ever, a specified amoiint of output power is desired, the frequ- 
ency of operation should be chosen such that the specified 

output power is obtained and at the same time the efficiency is 

be 

also reasonably high. The values of L and C then have to/calcu- 
lated from the corresponding value of I • However, it 

pu pu 

must always be ensured that the value of I_ is never 

pu pu 

high ^ough to take the converter into the mtaltiple conduction 
mode. 

(2) The efficiency of the converter at the rated 
output voltage and the maximum output current is 86%, This 
value of efficioicy has been determined frcxn the curves of 
Figure 5.4. These curves have been obtain^ assvatiing the value 
of Q to be 10. If the LC circuit has a higher value of Q, a 


higher value of efficiency is expected. 



(3) It should be noted that the efficiency of the 

converter has not been optimised, it is possible to operate 

the converter at frequencies that are slightly below = 0.65 

such that the the value of I which the rat^ output 

pu ^pu 

voltage of V = 1.2 is obtained corresponds to a higher value 
pu 

of efficiency. However# from the curves of Figures 4.6 and 5.4 
it can be predicted that the increase in efficiency will be 
marginal in this case. 

Prom Figure 5.4 it is observed that at low values of 

load current/ the efficiency falls rapidly with a decrease in 

the load current. However# at higher values of the load currant 

the variation of efficiency with the load current is miach less. 

This suggests that it is advantageous to choose the operating 

frequency such that the rated output voltage is obtained for as 

high a value of I X-. as possible (it mxast/ however, be 

°pu ‘Vu 

ensured that the value of I^ XL . is less than that reqxiired 

V V 

to take the converter into the m.c.m. at the operating frequency). 
This ensures that the converter operates with satisfactorily 
high efficiency for values of load current ranging from I 

max 

dow'n to relatively low values. Prom Figure 4.6 it can be 
concluded that to make this possible for the design example 
chosen, the converter shoxild be operated at frequencies slightly 
above 0.65 

(4) The current ratings of the pow'er switches and the 
feedback diodes have been calculated assuming the worst case 
conditions. The actual current rating reqxjiremaits of these 
devices are less than what have been obtained here. To determine 
the precise current ratings the time tj^ at which tne inductor 
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current becomes zero in Figure l,2(a) has to be determined. 
This can be done by solving equation (4.16). The value of t^^ 
should be determined for different values of output ciirrent. 
The current ratings of the power switches and the diodes corres 
ponding to each value of t^ can be determined by integrating 
the expression for the inductor current i^^ (equation (3.23)) 
from 0 to and t^ to T/2 respectively. The maximum of these 
ratings will give the current ratings of the respective devices 
This, however/ requires considerable computational effort. 
However/ a computer package can be developed for this purpose. 
The rms and the average current ratings of the power switches 
and the diodes can then be determined precisely with the help 
of the package. 
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CHAPIER 7 

CONCLUSIONS 

7.1 SUMMARf OF WORK DONE AND IMPORTANT CONCLUSIONS REACHED 

A novel frequency domain model for the parallel resonant 
converters has been proposed and developed. The model is valid 
for a parallel resonant convertor having an inductor filter at 
the output. The performance of the parallel rescxiant converter 
has been analysed in detail using the proposed model . Expre- 
ssions for the inductor current and the capacitor voltage have 
been derived. The waveforms obtained using these expressions 
have been compared with experimental waveforms reported in 
literature. The model is validated by the close agreement 
betweai the predicted and the experimental waveforms reported 
in literatxire. The various expressions and the waveforms have 
initially been obtained assuming an infinite value of circviit Q. 
subsequently all analysis has been carried out assumiing a finite 
value of Q. 

A multiple conduction mode (m.c.m.) in which each power 

switch conducts twice in each half cycle has beai idoitified. 

The converter has a tendency to enter into the m.c.m. at higher 

values of the load current. The probl^ns ^countered if the 

converter enters into the m.c.m. have be^ pointed out. 

several useful and important performance characteristics 

of the parallel resonant converter have been obtained. While 

obtaining these characteri sties / the quantity I _ betai 

°pu ^-^pu 

extensively used as a variable. Thus the effects of the 
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varlaUons of output current, frequency of operation and compo- 
nent values have all been Incorporated In the same variable. 

The variations of phase difference 0 with both with 

as a parameter and with Q as parameter teve bS® stuUed. 
The maxim™ possible value of ^ at different frequ^des 

have been observed for different'’valuSs of Q. The variattcns 
Of peak capacitor voltage, output voltage and turn off time 
available to the pow-er switches have also been observed as a 
function Of The values of X v ^ sbove which the 

converter enters into the multiple oonductlon^mode at different 


frequencies have been obtained. 


Effects of two common types of control schemes, namely 
the open-loop frequency control and the closed-loop phase 
control upon the variations of output power, input power, circuit 
losses and converter effici^ic^ have been observed. The vari- 
ations of power and efficiency have been first studied as a 

function of I X^, and th^ as a function of per unit output 
pu. -pu 

current I . A con^rison of the open-loop and the closed-loop 
pu ■ 

control echoes shows that nearly constant output voltage is 
obtained with constant frequency operation, while nearly constant 
output power is obtained with cc«istant phase angle operation, 
for varying load currents. 

Tne techniques used to obtain each of the performance 
characteristics have been discussed in detail, several impor- 
tant conclusions have been drawn from each of the character- 
istics. These have been given in detail in Chapters 4 and 5 . 

Prom these it is concluded that whai the converter is operated 
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in the normal frequency range of 0.5 < |- <1.0/ there are 
several advantages if the frequency of operation is as lovv- as 
possible. These include better regulation of output voltage/ 
higher efficiency and greater turn off time for the pofa-er 
swi tches . 

Finally an example of the design of the parallel reso“ 
nant converter for a typical set of input and output parameters 
has been given . The design procedure developed is completely 
general and can be used to design a parallel resonant converter 
to match any specified set of parameters. Modifications of the 
design procedure necessary to meet different requiremaits have 
also been discussed. 

7.2 ADVANTAGES AND LIMITATK^IS OP THE PROPOSED f^DEL 

As pointed out earlier in chapter 1/ all methods of 
analysis of the resonant converters have till now lased a time 
domain approach. However/ as shown in this work/ the parallel 
resonant converter can be analyst frcMO a frequoicy domain 
standpoint as well using the proposed model. There are several 
advantages in adopting this approach instead of the ccnvoitional 
time domain approach. 

In the time domain analysis the operation of the circxrLt 
is described in terras of differential equations. The different 
circuit variables are obtained by solving these differential 
equations by numerical integration. If the steady state perfor- 
mance of the converter has to be analysed/ the integration is 
started from t = 0 and is continued for successive half cycles 
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till the values obtained at the end of two successive cycles 
agree within a specified tolerance [l]. The value of the vari- 
able at that point is the corresponding steady state value. 

This method, hovyrevet*/ is extremely uneconomical in terms of 
computer time. With the help of the frequ^cy domain model, 
however, steady state analysis becomes much simpler, steady 
state expressions for circuit currents, voltages and powers can 
be obtained straightaway from the model \ising simple methods of 
circuit analysis. Compared to the time domain approach, steady 
state analysis using the frequency domain approach requires 
considerably less con^utational effort. 

Although the proposed frequency dcwnain model is useful 
in many ways# it has got some limitations as well. s<xne of these 
are discussed below. 

(1) Although the model is extr^iely useful for steady 
state analysis, the transient behaviour of the converter cannot 
be analysed with the help of this model. 

( 2) The model is valid for a parallel resonant converter 
having an inductor filter at the output. Iftider such conditicHis 
the output curr«it can be considered to be constant. Looking 
from the capacitor terminals this current can then be modelled 

as a square wave current sOTurce- If, however, the inductor 
filter is not pres«ait and only the capacitor filter is present 
at the output, the output current can no longer be assumed to 
be constant. The proposed model will fail in siach a situation. 
However, it should be noted that the inductor filter at the 
output is almost alw’ays present in all parallel resonant 
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converters. A time domain analysis of the parallel resonant 
converter for the case when the Inductor filter at the output is 
absent is given in [13]. 

(3) The model will fail in all cases of discontinuous 
conduction, since dlsccMitinuous caiductlon violates the basic 
assumption on which the model is based, when conduction is 
discontinuous, the exact nature of circuit curroits and voltages 
cannot be predicted by the model. The assumption that the output 
current is constant is not likely to be valid in such cases. 

7.3 SUGGESTIONS FOR FUTURE WORK 

some of the areas in vfhich future work can concentrate 
are now discussed. 

(1) The series resonant converter of Pigtire l.l(a) 
can be analysed using a similar frequency dcxaain model. For 
this the square wave current soiirce i^ in parallel with the 
resonant capacitor in the eqxii valent circuit of Figure 3.1 has 
to be replaced by a square wave voltage soiirce of amplitude 
in sefies with the LC resonant circuit. The polarity of this 
curroit TOUrce reverses as socxi as the inductor curreit 1^ 
changes dlrectiai. 

Using this model the behaviour of the series rescxiant 
converter can be analysed iising the same techniques that have 
been \ised to analyse the parallel resonant converter. 

(2) The variations of power and efficiency have be«i 
observed for two most pop\ilar control sch^tes. Similar 
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relatilonshlps may be obt.aj.ned for other types of ccKitrol schemes 
also. 

(3) A computer package can be developed wi-th the help 
of which a converter may be designed to match a givaa set of 
specifications while simultaneously optimising the various quan- 
tities like efficiency/ regulation/, turn off time etc. The 
package can also be used to calculate the exact cxirrent rating 
requirements of the power switches and the feedback diodes 
(section 6.5). 
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